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Abstract

Attenuation-based X-ray imaging is often applied in biomedical, medical and materials
research, as well as in non-destructive testing because it reveals information on the sam-
ple’s internal structure. In recent years, grating-based X-ray imaging has developed into a
method which can further increase the benefit of X-ray imaging in those research fields. It
utilizes wave properties of X-rays in order to obtain two additional contrast modes. X-ray
refraction is the origin of the differential phase contrast, while scattered X-rays generate
the so-called dark-field contrast. Especially the dark-field signal is of great interest to
researchers because it provides quantitative information on microscopic features without
the necessity to spatially resolve those features.

In the first part of this thesis, a theoretical model is developed which relates the dark-
field signal to a real-space correlation function representing the sample’s microstructure.
General basics of small-angle scattering are elaborated and the resulting implications for
grating-based X-ray imaging are explained. Based on this theoretical framework, an ex-
perimental approach is developed allowing to measure correlation functions. According
to this approach, diluted and dense solutions of monodisperse microspheres are studied
and respective models are fitted to the experimental data. Conclusions on the sphere’s
diameters and particle short-range ordering within dense sphere solutions are drawn based
on the experimental data confirming the theoretical predictions. The presented results
emphasize that quantitative information on the form- and structure factor of microstruc-
tural features ranging from the nano- to micrometer scale can be obtained by dark-field
measurements using laboratory X-ray equipment.

In the second part of this thesis, potential applications of dark-field imaging in materials
research and non-destructive testing are presented. Microstructural developments caused
by the hydration of cement-based materials are studied. Furthermore, water transport
processes in temperature treated mortar and biofilm-hybrid mortar samples are inves-
tigated based on the dark-field signal. Showing the full potential of X-ray dark-field
imaging, a method for time-resolved dark-field computed tomography is developed and a
sample combining both effects, i.e. hydration and water transport, is studied. The time-
evolution of both processes is spatially resolved as shown by our measurements. Finally,
grating-based X-ray dark-field imaging is applied in order to study fiber orientation in fiber
reinforced materials. Here, the grating’s unidirectional sensitivity for scattered X-rays is
exploited. The fiber orientation in various samples is analyzed with X-ray vector radio-
graphy, which is an extension to grating-based dark-field imaging. The extracted fiber
orientation is in good agreement with micro-tomography data emphasizing the advantages
of grating-based dark-field imaging when compared to conventional X-ray imaging.



Zusammenfassung

In vielen Forschungsfeldern wie der biomedizinischen und medizinischen Forschung, den
Materialwissenschaften und der zerstorungsfreien Priifung wird konventionelle Rontgen-
bildgebung genutzt, um die innere Struktur von Probekdérpern zu untersuchen. Die git-
terbasierte Rontgenbildgebung ist eine Weiterentwicklung, welche den Nutzen der Ront-
genbildgebung fiir die Forschung weiter verbessern kann. Basierend auf den Wellenei-
genschaften von Rontgenstrahlen, liefert diese Technik zusédtzliche Informationen. Eine
Brechung der Rontgenstrahlen durch das Objekt liefert differenzielle Phasenkontrastbil-
der, wohingegen gestreute Rontgenstrahlen den sogenannten Dunkelfeldkontrast erzeugen.
Das Dunkelfeldsignal enthélt quantifizierbare Informationen iiber die Mikrostruktur des
untersuchten Objektes und ist damit von besonderem Interesse fiir die Forschung.

Im ersten Teil dieser Arbeit wird ein theoretisches Modell entwickelt, welches das Dunkel-
feldsignal in Beziehung zu Korrelationsfunktionen setzt, welche die Mikrostruktur des Ob-
jektes beschreiben. Zunéchst werden die allgemeinen Grundlagen der Kleinwinkelstreuung
wiederholt, um daraus die physikalische Entstehung des Dunkelfeldsignals zu entwickeln.
Zur Uberpriifung dieser theoretischen Uberlegungen wird zudem eine experimentelle Me-
thode zum Messen von Korrelationsfunktionen entwickelt und getestet. Verdiinnte und
hochkonzentrierte Dispersionen von sphéarischen Mikropartikeln werden untersucht und
mit Hilfe entsprechender Modelle ausgewertet. Aus den Messdaten kénnen die Durchmes-
ser der Mikropartikel bestimmt sowie eine Nahordnung der Mikropartikel in den hochkon-
zentrierten Dispersionen beobachtet werden. Das Dunkelfeldsignal erlaubt es folglich zwei
wichtige Mikrostrukturparameter aus der Kleinwinkelstreuung, den Form- und Struktur-
faktor, zu bestimmen.

Im zweiten Teil der Arbeit werden potentielle Anwendungen der Dunkelfeldbildgebung in
den Materialwissenschaften und der zerstorungsfreien Priifung behandelt. Mikrostruktu-
relle Verdnderungen wihrend des Aushértens zementbasierter Materialien sowie Wasser-
transportprozesse in temperaturbehandeltem Mortel und Biofilm-Hybrid-Mortel werden
untersucht. Des Weiteren wird eine Methode zur zeitaufgelosten Dunkelfeldtomographie
entwickelt, um mit dieser Aushirtungs und Wassertransportprozesse in einer Zementprobe
zu untersuchen. Der zeitliche Verlauf beider Prozesse kann mit Hilfe der entwickelten Me-
thode raumlich aufgelost dargestellt werden. Eine weitere potentielle Anwendung findet
die Dunkelfeldbildgebung in der Untersuchung der Faserorientierungen in faserverstarkten
Materialien. Mit Hilfe der Rontgenvektorradiographie, einer Erweiterung der gitterbasier-
ten Bildgebung, wird die Faserorientierung in verschiedenen Probekérpern untersucht.
Die gewonnenen Ergebnisse stimmen qualitativ mit Mikrotomografiedaten iiberein und
verdeutlichen somit die Vorteile der gitterbasierten gegeniiber der konventionellen Ront-
genbildgebung.
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1. Introduction, motivation and
outline

In this chapter a motivation for the presented work is given followed by a brief structural
outline of the content of this thesis.

1.1. Introduction

X-ray imaging and scattering

Investigating an object’s internal structure non-destructively is of utmost interest in
materials and biomedical research as well as in medical research, diagnostics and non-
destructive testing (NDT). X-rays are therefore often applied as a research method in
these fields due to their capability to penetrate matter without being fully extinguished.
This characteristic of X-rays was first observed by W. C. Réntgen in 1895 while experi-
menting with accelerated electrons [1]. Not only did Rontgen observe X-rays for the first
time, he also acquired the very first X-ray image by illuminating a human hand with
X-rays and capturing the attenuated beam with a photographic plate. From there on,
two-dimensional X-ray imaging, also known as radiography, developed into a valuable tool
for medical doctors and scientists in many other research disciplines. X-ray radiography
images show an overlay, i.e. a projection, of all the object’s internal features which is
disadvantageous when studying complex structures. While A. M. Cormack developed a
theoretical method to overcome this problem, computed tomography (CT) was experi-
mentally realized by G. N. Hounsfield in 1969 |2, 3|. In contrast to X-ray radiography,
it provides three dimensional information about the sample’s internal structure. It is
based on X-ray radiography images acquired from many different projection angles. To-
day, medical CT devices provide X-ray images with a resolution of several hundreds of
micrometers in terms of the image’s pixel size. While micro-tomography (uCT) systems
reduce the image’s pixel size down to a few micrometers [4-6], nano-tomography currently
provides the smallest pixel size for laboratory-based X-ray imaging devices reaching down
to a few hundred nanometers [7]. However, high resolution imaging requires a small ob-
ject size in most cases and therefore its usage in some research areas is limited. With
the emergence of large-scale synchrotron facilities, spatial resolution of X-ray images was
further improved. Several methods have been developed in order to reach a pixel size
of tenths of nanometers making use of sophisticated X-ray optics in X-ray microscopy or
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X-ray diffraction in coherent diffraction imaging techniques [8, 9]. Some of these methods
do not rely on X-ray attenuation in order to generate image contrast between different
materials. They rather rely on the wave nature of X-rays which also exhibit a phase shift
when propagating through matter.

While Rontgen had initially failed to detect wave characteristics for X-rays, such as re-
fraction, P. Knipping and M. Laue experimentally confirmed that X-rays indeed behave
like electromagnetic waves [10]. They illuminated a copper(II) sulfate crystal with X-rays
and concluded that the observed interference pattern originates from X-rays scattered by
the electrons of the crystal. Furthermore, they obtained insight into the atomic structure
based on this interference pattern. Nowadays, X-ray scattering is readily applied in or-
der to study the atomic or molecular structure of a sample on the Angstrém (1070 m)
length scale [11]|. Other scattering-based methods, such as small-angle and ultra-small-
angle X-ray scattering (SAXS and USAXS), provide structural information on a length
scale reaching from several nanometers up to several hundreds of nanometers. They are
often applied to obtain structural information on macromolecules or ordered systems [12].

However, high resolution imaging and scattering methods are limited regarding the sam-
ple’s geometrical dimensions. Measuring large objects, with a size of several centime-
ters, usually leads to impractical long measurement times for high resolution imaging
and scattering methods. If the object’s size does not allow high resolution or scattering
measurements due to experimental limitations, the object is usually broken up in sev-
eral smaller pieces. This of course contradicts the use of X-rays as a non-destructive
tool and strongly limits their range of application. A method that provides information
about microstructural features within large objects (several centimeters) is therefore very
appealing. This is schematically emphasized in figure 1.1. Here, the accessible length
scale, at which structural information is obtained, is compared to the sample’s suitable
geometrical dimensions for several X-ray imaging and scattering methods.

Grating-based X-ray imaging

In this context, grating-based X-ray imaging is a promising method as it combines scatter-
ing information with a large field of view and because it is easily realizable with laboratory
X-ray equipment as well. Grating-based X-ray imaging was primarily developed alongside
other techniques in order to utilize the phase shift of X-rays, which they exhibit when
propagating through matter, as an additional image contrast besides the standard atten-
uation contrast. The usage of some X-ray phase contrast imaging techniques is, however,
restricted to synchrotron sources due to their requirements for beam coherence or a high
X-ray flux. This is the case for crystal interferometry and analyzer-based imaging which
both utilize crystals as beam optics in order to extract the phase information [13-16|.
Propagation-based imaging, in contrast, is applicable with laboratory X-ray sources, how-
ever, with the limitation to a small field of view due to its requirement for high image
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resolution [17]. This method relies on the free space propagation of X-rays and is experi-
mentally easy to realize as it requires no additional optics. Grating-based X-ray imaging
is also applicable with laboratory X-ray equipment. It was initially developed at syn-
chrotron X-ray sources because it is based on X-ray interference and therefore requires
a partially coherent X-ray beam [18-20]. Microstructured gratings are used in grating-
based imaging to produce a distinct interference pattern. According to the Talbot-effect,
a wavefront which illuminates a periodic structure, such as a grating, periodically repeats
itself at certain distances behind the grating. This effect was first studied by H. F. Talbot
in 1836 with visible light and later observed for X-rays [21, 22].

A
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1073 Medical
104 imaging
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rating-based
10® dark-field

imaging

Accessible length scale of
structural information [m]

10-10
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Figure 1.1.: This figure illustrates the accessible length scale of structural information in
comparison to the sample’s suitable size for several X-ray techniques. The y-axis indicates
the accessible length scale at which structural information is obtained for different X-ray
techniques. The x-axis indicates the suitable sample size which can be scanned with
each technique. Imaging techniques are colored in green while scattering techniques are
shown by pink ellipses with dashed contours. In the case of X-ray imaging, the suitable
sample size for each technique decreases with increasing spatial resolution. Grating-based
dark-field imaging allows to study microstructural features in large objects as it combines
the accessible length scale of structural information of uCT and nano-tomography with a
large field of view comparable to medical imaging.

Conventional X-ray detectors cannot resolve the interference pattern because their pixel
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size is usually too large. Therefore, a second grating, which acts as an absorber grating
and is called analyzer grating, is placed right in front of the detector. The addition of
another absorption grating in front of the X-ray source nowadays enable grating-based
X-ray imaging with laboratory X-ray sources [23]|. This three grating configuration re-
sembles a Talbot-Lau interferometer.

When a sample is placed behind or in front of the phase grating, X-ray get refracted and
the interference pattern is distorted accordingly. These distortions are translated into
differential phase contrast (DPC) images. Further studies revealed that a third contrast
channel is accessible in addition to the DPC and the attenuation contrast. It was shown
that the visibility of the interference pattern provides information about the small-angle
X-ray scattering (SAXS) properties of the sample [24]. Images created based on this scat-
tering signal are often referred to as dark-field images due to similarities to visible light
dark-field microscopy. It was shown in several studies that quantitative structural parame-
ters can be extracted from on the scattering-based dark-field contrast with grating-based
X-ray imaging [25-27|. Because scattering data carries quantitative structural infor-
mation on a length scale of several hundreds of nanometers up to several micrometers
dark-field imaging also provides access to this length scale.

Another grating-based X-ray imaging technique has been recently developed making use
of three phase gratings and the phase Moiré effect [28|. Polychromatic far-field interfer-
ometry, as it is called, proofed to be more sensitive to phase variations when compared
to Talbot-Lau interferometry [29]. However, due to stringent grating requirements the
technique currently remains limited to a small field of view and low X-ray energies up to
30 keV [29]. Talbot-Lau interferometers, in contrast, have been shown to work at up to
120 keV with a large field of view [30].

The potential of grating-based X-ray imaging to combine structural information on the
micrometer length scale with a large field of view has been exploited in several studies.
Microstructural changes in diseased lungs of living mice were successfully diagnosed by
grating-based X-ray dark-field imaging [31]. Furthermore, the microstructure of bones
was studied based on this method [32|. But besides biomedical research and medical
diagnostics, X-ray dark-field imaging also carries potential for applications in materials
research and NDT. For example, cementitious materials and fiber reinforced materials
were recently studied by grating-based X-ray imaging |[33-35].

X-ray imaging in materials research

Attenuation based X-ray imaging is commonly applied in materials research and NDT for
material’s characterization and the detection of defects and flaws [36]. Fiber orientation
and fiber content in fiber reinforced composite materials are usually evaluated by uCT
[37, 38|. Here, the fiber diameter is about 5— 10 um for carbon fibers and 10 — 20 pym for
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glass fibers. In order to resolve such fibers with uCT systems, samples have to be smaller
than 1 cm in size. More complex materials, such as cement are studied at synchrotron
sources with high resolution X-ray microscopy to obtain structural and chemical infor-
mation on the nanometer length scale [39, 40]. However, in both cases microstructural
information is obtained for small sample volumes only. Therefore, the assessment of mi-
crostructural information in objects of practically relevant size remains challenging with
both laboratory and synchrotron-based X-ray imaging methods.

Grating-based X-ray imaging is therefore a promising tool for materials research and NDT
because it bridges the gap between suitable object size and small feature detectability. It
has therefore drawn some attention in materials research and NDT in recent years. For
example, water transport processes in porous materials such as mortar were successfully
studied based on dark-field radiography [33|. Compared to attenuation-based imaging
methods, the dark-field signal provides stronger contrast for water-saturated pores while
it does not require to spatially resolve single pores. Further studies revealed micro cracks
in mineral aggregates and other materials by utilizing the improved contrast of the dark-
field signal for unresolvable microstructures |34, 41].

Besides the basic image contrast generated by unresolvable scattering structures in dark-
field images, X-ray dark-field imaging further provides information on the orientation of
microstructural features. A Talbot-Lau interferometer is most sensitive to X-rays which
are scattered perpendicular to the grating lamellae. This characteristic enables the as-
sessment of orientation information. Studies on fiber orientation characterization in fiber
reinforced materials were successfully conducted based on this property (35, 42].

In addition to the qualitative use of the dark-field signal as a basic contrast channel in
X-ray imaging, quantitative dark-field imaging is also possible. Theoretical approaches
towards quantitative dark-field imaging were developed [25-27] and experimentally veri-
fied in synchrotron experiments |25, 26]. Here, the diameter of spherical microparticles
was determined based on the dark-field signal.

1.2. Motivation for this work

The outlined application examples and the possibility to extract quantitative structural
information from the dark-field signal suggest the potential of grating-based X-ray imaging
for materials research and NDT. To further emphasize this, the presented work elaborates
on the theoretical basics of the dark-field signal and its relation to SAXS. An experimen-
tal approach is derived from the theoretical considerations which enables quantitative
measurements not only with synchrotron sources but also with conventional X-ray tubes.
Based on this approach, an experimental verification of the theoretical findings is provided.
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In addition, experimental applications for grating-based X-ray dark-field in materials re-
search and NDT are presented and discussed. Time-resolved dark-field radiography and
tomography methods are developed and applied in order to study the setting and hard-
ening as well as water transport processes in cement-based materials. Furthermore, fiber
orientation in short fiber reinforced polymers is studied and qualitatively compared to
uCT measurements.

The purpose of this work is to emphasize the potential of grating-based X-ray imaging for
materials research and NDT, to develop experimental methods for possible applications
and to outline it’s advantages when compared to conventional X-ray imaging. The central
messages of this work are summarized as follows:

e Originating from X-ray scattering, the dark-field signal is sensitive to microstruc-
tural features which are too small to be directly spatially resolved by the imaging
system

e The dark-field signal provides quantitative microstructural parameters
e It allows to investigate objects of several centimeters in size

e The temporal evolution of slow microstructural processes can be studied in two- as
well as three dimensions

e Dark-field based fiber orientation characterization is feasible and faster compared
to pCT measurements

1.3. Outline

In the following, a brief outline of this thesis is given.

Chapter 2

Here, we describe the fundamentals of X-ray physics and imaging, which are necessary for
further understanding. Furthermore, the basic working principle of an X-ray Talbot-Lau
interferometer and its usage for imaging are explained. We illustrate how images are
extracted and explain the relevant data processing algorithms.

Chapter 3

In this chapter, the experimental setup, which was developed and used for most of the
experiments presented in this work, is described. Important parameters on the interfer-
ometer, X-ray source and detector are stated. A brief section covering the optimization
of this setup is also provided in this chapter.
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Chapter 4

Starting with the principles of SAXS, we develop a theoretical approach for quantitative
grating-based dark-field imaging in this chapter. An experimental approach for quantita-
tive measurements is derived based on the theoretical consideration. Experimental results
are presented in order to validate the theoretical findings.

Chapter 5

As the first application example of grating-based X-ray dark-field imaging, studies on
water transport processes in porous materials are studied. Further on, hydration reactions
during setting and hardening of cement paste are investigated by time-resolved dark-field
radiography. The impact of mineral aggregates on the observed effects is studied as a next
step. The chapter is concluded by a time-resolved X-ray dark-field tomography study on
a fresh cement sample.

Chapter 6

A study on fiber orientation in short fiber reinforced polymers (SFRPs) based on X-ray
vector radiography (XVR), an extension to grating-based X-ray dark-field imaging, is
presented in this chapter. Various sample geometries, sizes and different fiber materials
are studied and qualitatively compared to uCT results.

Chapter 7

Finally, the theoretical and experimental results presented in this work are summarized
before the work is concluded with an outlook on future applications and advances in
grating-based X-ray dark-field imaging.






2. Theory

In this chapter, we outline theoretical fundamentals of X-ray physics and X-ray imaging
that are important for further understanding. Furthermore, we elaborate on the basic
working principle of an X-ray Talbot-Lau interferometer and its use for imaging. Three
different contrast channels, i.e. the attenuation, differential phase and dark-field contrast
are introduced. More theoretical details are presented in the books "Elements of Modern
X-ray Physics” by J. Als-Nielsen and D. McMorrow and "An Introduction to Synchrotron
Radiation” by P. Wilmott as well as the PhD Thesis of M. Bech [43-45].

2.1. X-ray physics

X-rays were already presumed to be electromagnetic waves when they were first discov-
ered by W. C. Rontgen. However, first evidence was obtained not until M. Laue observed
X-ray diffraction by a crystal. From there on, the classical description of X-rays as elec-
tromagnetic waves was established. Besides the wave nature of X-rays, the work of A.
Compton suggested that X-rays can also be treated by a quantum mechanical particle
model [46]. In this picture the radiation field of X-rays is quantized into photons which
travel at the speed of light and serve as the carriers of electromagnetic force. For now we
elaborate further on the classical description of X-rays as electromagnetic waves.

The energy spectrum of X-rays stretches from the soft X-ray regime with several kiloelec-
tron volt (keV) up to the hard X-ray regime with some megaelectron Volt (MeV). This
translates to wavelengths ranging from 0.01 A (10~'° m) for high energies up to 10 nanome-
ters for low energies. The simplest case of an electromagnetic wave is a monochromatic
plane wave. For reasons of simplicity we restrict further considerations to this scenario for
the remainder of this chapter. Furthermore, we only consider the electric field component
due to its analogy to the magnetic field component. The amplitude ¥ of a monochromatic
plane wave at position z and time ¢, which has a wavelength A and travels in vacuum in
z-direction, is described by the following equation:

(z,t) = Wpelkamet) (2.1)

Here, Uy corresponds to the wave’s maximal amplitude, & = 27/ represents the wavevec-
tor in z-direction and w = 27c¢/\ is the angular velocity with the speed of light ¢. The
exponential term in equation 2.1 is also referred to as the phase of the wave. X-rays
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are transverse waves, meaning that the electric field vector is always perpendicular to
the propagation direction indicated by the wavevector k. If this electric field vector is
oriented along the same axis at each point in time, we speak of linearly polarized X-rays.
In contrast to that, the electric field vector rotates around the wavevector k£ in the case
of circular polarization.

2.1.1. Coherence and X-ray sources

A+DA
[ BI'F
b)
c)

21

Figure 2.1.: This figure shows a schematic representation of the longitudinal coherence
length L;. Two plane waves with wavelengths A + A\ (a) and A (b) propagate along the
same direction. Their superposition (c¢) shows that the phase relation between the two
waves is lost, before it is recovered after twice the longitudinal coherence length L;. This
figure was adapted from reference [44].

Like any electromagnetic wave, X-rays show interference under certain conditions. The
ability of waves to interfere is described by the term coherence. In a simple scenario,
coherence describes the phase relation of two plane waves which either propagate in the
same direction but have different wavelengths, or which propagate in different directions
but have the same wavelength. The first case is termed temporal or longitudinal coherence,
while the second case is referred to as spatial or transverse coherence. A monochromatic
plane wave, therefore, is perfectly coherent in space and time. When two plane waves of
different wavelength A and A\ + A\, which are initially in phase, propagate in the same
direction their phase term relation changes. This behavior is described by the longitudinal
coherence length L; and such a scenario is illustrated in figure 2.1. Tt is defined as the
longitudinal distance, i.e. distance along the propagation direction, where the two wave’s
phase terms differ by 7. It is calculated by following equation [43, 44]:

/\2
L:
T79AMN

(2.2)

10
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Here, the wavelength of one wave is given by A, while A\ represents the wavelength
difference of the two waves.
a) : b)
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Figure 2.2.: This figure shows a schematic representation of the transverse coherence
length L;. a) A geometric illustration of the transverse coherence length L, is shown.

Each point of a source of size D emits X-rays propagating in different directions. The two
wavefronts (solid and dashed purple lines) are in phase at point P, while they are out of

phase when moving perpendicular to the propagation direction. After a distance of 2L,
they are in phase again. b) An intuitive illustration of the transverse coherence length
is shown. A source emits a divergent and rough wavefront. This roughness indicates the
weak phase term correlation perpendicular to the propagation direction of the wavefront.
As the wave propagates in space, its roughness smooths out and the transverse distance

d. with strong phase correlation increases |47, 48]. This is illustrated by the black dashed
lines. Image a) was adapted from reference [43| and image b) from reference [47].

The transverse coherence length for two waves propagating in different directions is also
defined by the phase term difference of w. This scenario is illustrated on the left side of
figure 2.2. Two waves coming from different spots of an extended source propagate in
different directions and are in phase at point P at a distance R from the source of size

D. The transverse coherence length L, is defined by the distance perpendicular to the
propagation direction for which the wave’s phase terms differ by 7. It is calculated as
follows [43, 44|:

AR
Li=— 2.3
=2k (23)
These considerations illustrate, that X-ray beams with broad energy spectrum and a large
source spot size suffer from low coherence. This is generally the case for conventional X-
such tubes.

ray tubes. Therefore, interference effects are usually not observed when working with

11
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In conventional X-ray tubes, electrons hit the anode at energies of several keV and are
decelerated due to the interaction with the target material. Due to the deceleration, they
emit X-rays in all directions with energies as high as the initial acceleration energy of the
electrons. The resulting spectrum is referred to as the Bremsstrahlungsspektrum. The
use of rotating or liquid anode materials represent further technical realizations of this
principle [49].

In contrast to that, large-scale synchrotron facilities utilize the interaction of accelerated
electrons with magnetic fields in order to generate X-rays. Here, electrons emit X-rays
while changing their direction in bending magnets or being periodically stimulated in a
so-called undulator [44]. As a result of the relativistic electron energies, synchrotron radi-
ation is more intense, has a narrower energy spectrum and is less divergent when compared
to conventional X-ray tubes. Summarizing all these characteristics, synchrotron radiation
has a higher brilliance compared to X-rays generated by conventional tubes. Therefore,
synchrotron radiation is also superior to conventional X-ray tubes in terms of beam co-
herence. However, the transverse coherence length of an extended and divergent source
increases with propagation distance as shown by equation 2.3. This intuitive explanation
is illustrated in more detail figure 2.2 b). Under certain conditions, interference effects
are therefore also observed with conventional X-ray tubes as coherence is generated just
by means of propagation [47, 48].

2.1.2. Interaction of X-rays with matter

Because X-rays serve as the carrier of electromagnetic force, they interact with electrons
when propagating through matter. In the following we concentrate on the three major
types of interactions.

Elastic X-ray scattering

First, we consider elastic or coherent scattering of X-rays by a free electron. Electrons in
matter can usually be treated as free electrons, because X-ray energies are much higher
than the binding energies of most atomic electrons. This is true at least for electrons
outside the atomic K- or L-shell. During this scattering interaction, the X-ray energy
does not change. Their direction of propagation, however, changes while the electron’s
state after the interaction remains unchanged. In terms of classical physics, electrons are
forced into a harmonic oscillation by the electric field of the incoming X-ray. According
to the Maxwell equations, an oscillating electron radiates an electromagnetic wave with
the same frequency as the electron’s oscillation, i.e. the same frequency as the incoming
X-ray. Electrons are described as a driven harmonic oscillator in this classical picture. X-
ray frequencies are much higher than the resonance frequencies of weakly bound electrons.
This results in a phase difference of m between incoming and scattered X-rays. Figure 2.3
a) illustrates this process for a plane wave polarized in x-direction. The ratio of the
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2.1. X-RAY PHYSICS

intensity scattered into a certain solid angle I,., and the incoming intensity I, is defined
as the differential scattering cross-section do/dS). In the case of elastic X-ray scattering
by a free electron, this cross-section is referred to as the Thomson differential scattering
cross-section and it is given by the following equation [43]:

do

dQ
Here, 7. represents the Thomson scattering length or the classical electron radius, P is
a factor which accounts for the polarization of the incoming radiation. The polarization
term for unpolarized sources is given by P? = 1/2(1 + cos®(26)). We restrict all following
considerations to this case because conventional X-ray tubes generate unpolarized radia-
tion. The angle 20 refers to the angle under which the scattering process is observed as
shown in figure 2.3 a).

1
=r3P? = r§l§(1 + cos?(20)) . (2.4)

a) b) ®
20

Figure 2.3.: This figure illustrates the processes of elastic X-ray scattering and X-ray
refraction. a) An electron e harmonically oscillates along the x-axis (black arrows) in
the electric field of an electromagnetic plane wave (purple wave), which is polarized in
x-direction. The oscillating electron emits a scattered wave in the form of dipole radiation
(pink dashed wavefront) with the same energy as the incoming wave. Scattered X-rays
have a m-phase shift when compared to the incoming X-ray. The scattering process is
observed under an angle 2. b) A wave propagates through a material with refractive
index n = 1 — §. X-rays that have been elastically scattered by the electrons are super-
imposed to the incoming X-rays. The resulting wavefront is shifted in phase by ®. Due
to a gradient of this phase shift ® the wavefront gets refracted by an angle a.

It is important to note that do/dS) is independent of the X-ray energy which only holds

true under the assumption of free electrons. This assumption is fulfilled as long as the X-
ray energy does not match the energy of a bound atomic electron on the inner shells which
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otherwise results in a resonant excitation. However, we do not consider such scenarios in
this work and restrict all considerations to elastic scattering by free electrons.

Refraction of X-rays

Refraction is a macroscopic result of elastic X-ray scattering in matter. The refracted
wave is a superposition of the incoming wave and all scattered waves. Its phase term
is shifted when compared to the incoming wave due to this superposition. Refraction is
phenomenologically described by the refractive index n = 1 — § of a material. In the
X-ray regime, ¢ is of an order of 107° — 107% and the refractive index is slightly smaller
than unity. For visible light n is typically larger than one. The fact that n is smaller than
unity in the X-ray regime is related to the phase shift of 7 for elastic X-ray scattering.
The refractive index describes the ratio of the X-ray’s absolute wavevector in matter k,,q;
and the vacuum wavevector k. Therefore, equation 2.1 transforms into following equation
for X-rays propagating through matter:

U (2, ) mat. = el bmarz=wt) — y pilnkz=wt) (2.5)

When we consider that each electron in the sample scatters the incoming wave according
to equation 2.4, we obtain following relation between 0, the Thomson scattering length
re and the X-ray wavelength \ [43]:

)‘zpelrel
o
This relation depends on the electron density p.; indicating that a macroscopic change
in electron density results in X-ray refraction [44]. According to equation 2.5 and 2.6,
X-rays passing through an object of varying thickness Az(z) exhibit a phase shift ®(x)
when compared to a wave traveling in vacuum [43]:

5 (2.6)

O(x) = —0kAz(x) . (2.7)

This gradual phase shift in x-direction results in a refraction of the wavefront as illustrated
in figure 2.3 b). The angle of refraction « is related to the gradient of the phase shift
®(x) by following equation [43]:

_l(?@(x)
k Ox

(2.8)

«

Inelastic X-ray scattering

Besides elastic X-ray scattering, X-rays and electrons also interact inelastically. This was
first observed by A. Compton in 1922 and explained as a particle interaction between
X-ray photons and electrons [46]. Inelastic scattering implies that the incoming photon
transfers part of its energy to the scattering electron. The scattered photons therefore have
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less energy as compared to the incoming photons. The energy loss of the X-ray photon is
transformed into kinetic energy of the electron which therefore acquires momentum after
scattering. This is illustrated in figure 2.4 a).

a) b)
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| I
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Figure 2.4.: This figure shows a schematic illustrations of Compton scattering and X-
ray absorption. a) When an X-ray photon is inelastically scattered by an electron e, the
energy of the photon decreases from FEy to E,.. Therefore, its wavelength ), increases
to A, while the propagation direction changes by an angle 6. The electron, initially at
rest, has a momentum p, after scattering. b) X-ray absorption is described by adding a
complex term [ to the refractive index n. Thus, the maximal amplitude ¥y of the wave
decreases by a factor e #*2# behind an object of thickness Az.

The energy of the scattered photon E,. is calculated based on conservation of energy and
momentum. It is related to the scattering angle 6 according to following equation [46]:

— EO
S 1+ B (1 —cos ()

mec?

(2.9)

sc

Here, m, is the mass of an electron at rest and Ey represents the energy of the incom-
ing photon before scattering. Due to this energy loss and the corresponding wavelength
change, this process is referred to as inelastic or incoherent scattering. For Ey < m.c® =
511 keV, however, this energy loss becomes very small. Furthermore, the Compton scat-
tering cross-section, which is stated by the Klein-Nishina formula, approaches the Thom-
son scattering cross-section for low X-ray energies and small scattering angles [50]. For
the remainder of this work we consider X-ray energies well below the electron rest mass
and small scattering angles. Therefore we neglect inelastic scattering and concentrate on
elastic scattering only.
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X-ray absorption

Besides a partial energy transfer in Compton scattering, the full energy of an X-ray photon
is transferred to an electron in the case of photoelectric absorption. Having absorbed the
photon’s energy, the excited electron is liberated from its atom and an electron hole is
created on one of the inner shells. Photoelectric absorption therefore results in a loss of
X-ray intensity. The Beer-Lambert Law describes this process when X-rays travel through
an object of thickness Az [43]:

I(Az) = Ipe HavsBs (2.10)

Here, I(Az) is the intensity observed behind the object, Ij is the incoming intensity and
Ltaps 18 the material specific linear absorption coefficient. Absorption is also described by
the refractive index when adding a complex term 5 to n in equation 2.5. This leads to
the following representation of the wave:

(2, ) mar = Woe' =) = g ei1=0k=Fhz (2.11)

Thus, the wave’s amplitude behind an object of thickness Az is decreased by e 7#2*(see
image b) in figure 2.4) [43]. Taking into account that the intensity is proportional to the
squared wave amplitude, we obtain following relation between 3 and pips:

_ /Labs)\

b 47

(2.12)

2.1.3. X-ray imaging

Due to their high energy, X-rays are not fully extinguished when propagating through
an object and a significant fraction of X-rays penetrates the object. X-ray absorption
therefore serves as the basis for conventional X-ray imaging. Here, transmitted X-rays
are detected behind the sample. Current technology only allows to measure the beam’s
intensity, while information on the phase term is lost. The detection of X-rays in conven-
tional imaging typically relies on two principles, i.e. the direct and the indirect detection
of X-rays. Indirect detectors first convert X-rays to visible light in a scintillator material.
The visible light is subsequently converted to electrons in a photodiode. This signal is
evaluated by an electrical readout unit and represents information on the X-ray intensity.
Indirect detectors integrate the incoming X-ray intensity during the exposure time. Thus,
they have no means to discriminate photons of different energy. Direct detection methods
make use of sensor materials which directly convert incoming X-rays into an electric sig-
nal. This has the advantage that single photons can be counted when using appropriate
readout units. Furthermore, it facilitates energy resolved measurements [51].
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In conventional X-ray imaging the transmitted X-ray intensity is used to non-destructively
study on the sample’s internal structure. The sample is typically illuminated by a poly-
chromatic X-ray beam and the transmitted fraction of the beam is recorded with a two-
dimensional pixelated detector. Of course, the transmitted intensity is reduced when
compared to the incoming intensity because of X-ray absorption. But also Compton
scattering at large angles contributes to the loss in X-ray intensity. We refer to the com-
bination of these two effects as X-ray attenuation. Based on the initial beam intensity
Iy and the transmitted intensity I, both detected by a pixel at the location (z,y) on
the detector, we define a linear attenuation coefficient p,; similar to equation 2.10. This
attenuation coefficient is averaged over the full X-ray spectrum as conventional detectors
do not allow for energy-resolved measurements. Furthermore, samples typically are not
homogenous regarding their attenuation properties. Therefore, the multiplication of y
with the sample thickness Az in equation 2.10 is replaced by an integral of p.y through
the object along its full length [, along the z-axis. This integration results in following
representation of the transmitted intensity Ir:

7.[/"‘ait(x7yvz)dz
]T(x7 y) = ]0(I7 y)e t : (213)

Based on equation 2.13, we define the transmittance 7" behind a sample as follows:

T(z,y) = Ir(z,y) _ e—l{ tatt(z,y,2)dz
[0 (xa y)

The sample’s transmittance is measured in each detector pixel (z,y) and we refer to

such X-ray images as transmittance images. Calculating the negative logarithm of the

transmittance provides us with the line integral of .y in each detector pixel (z,y). We

refer to such X-ray images as attenuation projections P(z,y):

(2.14)

P(z,y) = —In(T(x,y)) = /,uatt(x,y,z)dz . (2.15)

Iz

Based on equation 2.15, the full three dimensional distribution of the samples attenuation
coefficient 1,4 (,y, 2) is obtained by CT measurements |2, 3|. Here, images of the sample
are acquired, while the sample is rotated around an axis which is perpendicular to the
optical axis. By means of a filtered backprojection (FBP) algorithm, which is based on
the Radon transform, p..(x,y, 2) is reconstructed in three dimensions [52]. This allows
to study internal features of a sample which are distinguishable based on their attenuation
properties.

Typically, transmittance images and the corresponding attenuation projections show a

geometrically magnified image of the object under investigation. The reason for this mag-
nification is the divergence of an X-ray beam generated by a conventional X-ray tube.
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Figure 2.5 illustrates how a sample is magnified by a divergent X-ray beam. The mag-
nification factor M is derived by geometrical considerations which result in the following
equation:

ds.p
= — 2.16
dos (2.16)

Here, dg p is the distance between source and detector, while dg ¢ represents the distance
between source and sample.

Detector
Magnified image

dS,D |

Figure 2.5.: This figure illustrates how a sample is magnified by a divergent X-ray beam.
A conventional X-ray tube generates a divergent X-ray beam as indicated by the purple
arrows. It illuminates a sample which is placed at a distance dg g from the source. The
beam’s divergence results in a geometrical magnification of the sample. A magnified image
(dashed contour) is therefore recorded by a detector placed at a distance dgp from the
source.

X-ray detectors measure the X-ray intensity, i.e. the squared amplitude of the wave, while
information on the phase of the incoming X-ray wavefront is not obtained. Therefore, only
the complex part of the refractive index is probed in conventional X-ray imaging. However,
it is possible to determine the real part of the refractive index by measuring refraction
angles.

2.2. Grating-based X-ray imaging
Measuring refraction angles is the basic principle of grating-based X-ray imaging in order

to obtain information on the real part of the refractive index. Since refraction angles are
typically very small for the X-ray regime, a reference pattern is used to transform the
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refraction of X-rays into an intensity modulation which is then measured by conventional
X-ray detectors. In the following we address this method in more detail.

2.2.1. The Talbot-Lau interferometer

Grating-based X-ray imaging with conventional X-ray equipment is based on a Talbot-
Lau interferometer consisting of three microstructured gratings. These gratings are placed
between the source and the detector at particular positions which are defined in the
following sections. They either serve as absorption gratings or phase gratings. In the first
case, X-rays are absorbed by the highly absorbing material of the grating lamellae. In
the latter case, the grating lamellae are made of a weakly absorbing material and X-rays
exhibit a phase shift when passing through the grating lamellae. Grating periods are
typically in the range of 1 — 10 pum, while the height of the grating structure reaches from
several micrometers for phase gratings up to several hundred micrometers for absorption
gratings. Due to those high aspect ratios, X-ray gratings are usually manufactured by a
so-called LIGA process |53|.

X-ray gratings and the Talbot-effect

The illumination of grating structures with electromagnetic waves was first studied and
described by H. F. Talbot in 1836 [21|. While illuminating a grating with a coherent light
source, Talbot observed a characteristic interference pattern. This pattern is periodically
replicated at certain distances behind the grating creating a so-called Talbot-carpet. The
Talbot-effect is also observable in the X-ray regime under certain conditions [18]. The
distance dp at which the pattern is repeated behind the grating is called Talbot-distance
and it is defined as follows [45]:

2p
DY
The grating structure has a period of p; and A represents the X-ray wavelength. We
refer to the grating that generates the Talbot-carpet as grating G; in the remainder of
this work. Phase and absorption gratings both generate Talbot-carpets. Phase gratings,
however, are generally preferred, because they do not absorb a considerable amount of
the incoming intensity in contrast to absorption gratings. As this is beneficial for imaging
we only consider phase gratings to be used as (G; in this work.

dr (2.17)

An exemplary Talbot-carpet generated by a monochromatic plane wave behind a phase
grating is illustrated in figure 2.6. Besides a repetition of this pattern along the propaga-
tion direction at a distance dr, binary intensity profiles are formed perpendicular to the
propagation direction at fractional Talbot-distances df,q.. This is illustrated by the pur-
ple profile on the right side of figure 2.6. Their period is given by the following equation
[45]:

19



2. THEORY

_n
T m
Here, the parameter m is used to distinguish the following two cases. It is m = 2, in
the case of a phase grating which introduces a phase shift of © to the wavefront, while it
becomes m = 1 for a phase shift of 7/2. These binary intensity profiles are replicated at
fractional Talbot-distances d 4. |45]:

P2 (2.18)

l-u
16
Here the parameter u is used to distinguish between the following two cases. It is set to
u =1 for a phase shift of 7, while it becomes u = 4 for a phase shift of 7 /2.

dfrge = ——dr,  with  [=1,35... . (2.19)

dfrac=dT/1 6

XL, I | Intensity

Figure 2.6.: This figure shows a Talbot-carpet generated by a phase grating of period
p1. X-rays passing through the grating lamellae (green rectangles) are shifted in phase
by 7 in this case. They interfere behind the grating and a Talbot-carpet is generated. At
certain distances djy,q., binary intensity profiles (purple profile on the right) are observed
perpendicular to the propagation direction. Their period is p;/2 for the given scenario.

Equations 2.17, 2.18 and 2.19 were derived based on the assumption of a plane wave
which intrinsically has a large transverse coherence length. This assumption is usually
valid for X-ray beams generated by synchrotron sources. Making use of the Talbot-effect
with laboratory X-ray tubes requires further considerations.

Conventional X-ray tubes and the source grating

First of all, conventional X-ray tubes generate divergent beams and therefore magnify the
Talbot-carpet according to equation 2.16. The magnification has to be considered when
calculating the fractional Talbot-distances and the period of the transverse intensity profile
at these positions. This results in the following equation for dfq. [54]:
2 2
djrae = % . (2.20)
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The period p, of the transverse intensity profiles is calculated in this case as follows [54]:

po =ML (2.21)
m

Here, the parameter m again distinguishes the two cases of a 7 phase shift (m = 2) and a
phase shift of 7/2 (m = 1). The factor M represents the magnification factor introduced
in equation 2.16 [45]. The source to sample distance dg g simply needs to be replaced by
the source to grating distance dg ¢, in this case.

a) Intensity profile b)
Gy 1 2 G;

Source spot 1 Source spot 2
et G, G, G, ¢
dgo.64 : de,.0 Ao,

Line source1 Line source 2

Figure 2.7.: This figure schematically illustrates the purpose of Gy. a) and b) The
two exemplary spots (white stars) of an extended source (purple ellipse) are laterally
displaced. Source spot 2 is mirrored to the right hand side of the figure for a better
visualization. X-rays emitted from these spots generate intensity profiles (purple profiles)
which superimpose at the detection plane. According to the displacement of source spot
1 and 2, these intensity profiles are displaced as well. The minima of profile 1 coincide
with the maxima of profile 2 (marked by a pink ellipse). This results in an overall flat
intensity profile at the detection plane. ¢) and d) The extended source spot is divided
into multiple thin line sources by a source grating Gy. The intensity profiles created by
two exemplary line sources are shown and the second line source is again mirrored to the
right hand side. The separation between line source 1 and 2, i.e. the period of grating
G, results in a constructive superposition of the two profiles (marked by a pink ellipse).
Thus, the binary intensity profile is maintained at the detection plane.

Furthermore, X-rays coming from different points of an extended source create Talbot-
carpets that are displaced to each other perpendicular to the propagation direction. There-
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fore, the binary intensity profile is washed out as it is illustrated at the top of figure 2.7.
Two exemplary source spots of an extended X-ray source are shown. Each spot gives rise
to a Talbot-carpet. However, the intensity profiles are displaced according to the displace-
ment between the two source spots. Their superposition results in a flat intensity line
and the Talbot-effect is not observable in this case. To prevent this inadvertent superpo-
sition, a further grating is placed right behind the X-ray source [23]. This grating is also
an absorption grating blocking parts of the beam and therefore allows for a constructive
superposition only. According to geometric considerations, the period py of this source
grating is given by following equation [45]:

dG07G1

Po = p2 (2.22)

dG1,D
Here, dg, ¢, refers to the distance between source grating Gy and phase grating G, while
dg,.p is the distance between the phase grating G, and the detection plane.

X-rays only pass through the slits of the source grating. The intensity profiles originating
from each slit superimpose constructively and the binary intensity profile is maintained.
This is illustrated at the bottom of figure 2.7. This geometrical explanation of the source
grating’s function is further complemented by an increase of the beam’s transverse coher-
ence length due to Gy. A coherent beam is a prerequisite to observe interference effects
such as the Talbot effect. In terms of coherence, the source grating confines the extended
source to several thin line sources. According to equation 2.3, the transverse coherence
length of each line source is larger compared to that of the fully extended source. Each of
these coherent line sources, therefore, gives rise to a Talbot-carpet that is superimposed
with the Talbot-carpets originating from the other line sources. The longitudinal coher-
ence length of the beam also affects the appearance of the Talbot-carpet. It was shown
that a polychromatic beam blurs the Talbot-carpet along the propagation axis, while the
transverse intensity patterns at fractional Talbot-distances are maintained [54].

Analyzing Talbot-carpets by phase-stepping

The period of a phase grating usually is in the range of 1—10 pym and the observed intensity
profiles have a period of the same length scale according to equation 2.21. Analyzing
a Talbot-carpet therefore requires detectors with a pixel size that is smaller than po.
Detectors with such small pixels only work efficiently with a high X-ray flux provided by
synchrotron sources. Single grating imaging is therefore possible at synchrotron sources
[65]. Conventional X-ray tubes do not provide a sufficient X-ray flux and it is therefore not
feasible to use such high resolution detectors for imaging experiments with conventional
X-ray tubes. Detectors used for laboratory-based X-ray imaging usually have a pixel size
in the range of tenths of micrometers up to several hundreds of micrometers. Obviously,
they do not allow to analyze the intensity profile of the Talbot-carpet directly. This
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requires a third grating that is placed at the distance dj.,. behind the phase grating
(G1 [20]. This so-called analyzer grating is an absorption grating and its period p, ideally
matches the period of the binary intensity profile [56].

a) Gy e, .= 1/ 16 =——y G,
b) Position 1 C) Position 2 d) Stepping Curve
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Figure 2.8.: This figure illustrates how a Talbot-carpet’s intensity profile is analyzed
with large detector pixels. a) An analyzer grating with period ps is placed at the distance
dtrqc behind G right in front of the detector. It is moved along the x-axis in order to
analyze the Talbot-carpet. b) The transmittance function (yellow curve) of G5 coincides
with the intensity profile (purple curve) of the Talbot-carpet for position 1. Here, the
maximum intensity is transmitted and detected by a detector pixel. ¢) The analyzer
grating blocks the Talbot-carpet and the intensity transmitted to the detector is minimal
for position 2. d) Plotting the intensity of one pixel for multiple grating positions results
in the so-called stepping curve. This curve ideally has the same period as the analyzer
grating and the intensity profile. Grating positions 1 and 2 are marked on the stepping
curve.

The detector is placed right behind the analyzer grating. Figure 2.8 illustrates the corre-
sponding experimental configuration. We refer to this analyzer grating as the grating Gs.
In order to analyze the Talbot-carpet, this grating is moved perpendicular to the prop-
agation direction as well as the grating lamellae. This movement results in an intensity
variation, which is recorded in each pixel of the detector by acquiring images for several
positions of grating G» along the x-axis. Two exemplary grating positions are illustrated
at the bottom of figure 2.8. This movement of the analyzer grating is often referred to
as a phase-stepping scan [20]|. It is mathematically described by a convolution of the
Talbot-carpet’s intensity profile and the transmittance function (see equation 2.14) of the
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analyzer grating. This is illustrated by the purple and yellow curve in figure 2.8 b) and
¢). In a real case scenario, the intensity profile of the Talbot-carpet is rather smooth
than rectangular as it has been shown for the ideal case before. The same is true for the
transmittance function of GGy owing to grating imperfections related to the manufacturing
process. This convolution results in a periodic signal which is detected in each detector
pixel. We refer to this signal as the stepping curve which is shown in figure 2.8 d). It is
defined by a mean intensity, an amplitude and a phase parameter. These parameters rep-
resent an average over several periods of the Talbot-carpet’s intensity profile for each pixel.

Thus, it is feasible to generate and analyze Talbot-carpets with conventional laboratory
X-ray equipment by using a three grating Talbot-Lau interferometer. When a sample is
placed before or behind the phase grating the original Talbot-carpet is distorted due to
the interaction of X-rays with the sample. This distortion provides information on the
refractive index and the scattering properties of the sample. In the following we explain
how images are extracted from the acquired data.

2.2.2. Data processing and image formation

We reconsider the stepping curve (see figure 2.8) which is recorded in a pixel located at
position (7, j) on the detector. We consider grating lamellae that are aligned perpendicular
to the x-axis and parallel to the y-axis. In this case, the stepping curve is approximated
by the following equation [24]:

. . 2mx . .
fiji(x) = aos(i, 7) + a1,(i, j) cos (_p + Qpl,t(zaj)) witht=s, 7 . (2.23)
2

The index t = s, r indicates that the stepping curve has to be measured twice. One scan,
i.e. a reference scan (t = r), is acquired without sample, while a second scan is acquired
with the sample in the beam (¢ = s). The coordinate x indicates the movement of one
of the three gratings along the x-axis. The interaction of X-rays and the sample results
in a change of the three parameters ag, a; and ;. This change is used to extract three
different contrast channels.

Attenuation images

X-ray attenuation results in an overall loss of intensity of the Talbot-carpet according to
equation 2.13. Since aq is the Talbot-carpet’s intensity, it represents a projection of the
attenuation coefficient through the sample for each pixel (i, j) [18]:

/ tane (i, . 2)dz = —In (%) | (2.24)

sample
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This equation emphasizes that attenuation images obtained by grating-based X-ray imag-
ing provide the same information as conventional X-ray images. The image on the left
hand side of figure 2.9 shows a transmittance image of a cup of cappuccino. The corre-
sponding stepping curve of one pixel for the reference (purple solid line) and the sample
measurement (green dashed line) is shown on the right. Strongly attenuating features
of the sample correspond to bright pixels. Therefore, the glass side walls and the liquid
coffee are clearly observable. The data points of the right plot represent the detected
intensity in one pixel (marked by a green circle) for multiple positions of grating G along
the x-axis. Stepping curves are fitted to the data points according to equation 2.23.

Transmittance signal

O Stepping curve with
absorbing sample
OReference stepping
curve

Position of grating G, along the x-axis

Figure 2.9.: This figure illustrates how transmittance images are extracted. A transmit-
tance image of a cup of cappuccino is shown on the left. Highly attenuating features such
as the glass side walls of the cup and the liquid coffee appear bright in the image. The
stepping curve of the reference and sample scan of one pixel (marked by a green circle) are
shown on the right. Due to X-ray attenuation, the sample curve has less overall intensity
as compared to the reference curve.

Refraction and differential phase-contrast images

Besides attenuating the beam, the sample also shifts the phase of the X-ray wavefront.
This phase shift is related to the real part § of the refractive index n according to following
equation [43]:

O(x) =k / §(z,x)dz . (2.25)

Vsample

According to equation 2.8, a gradient of this phase shift results in a refraction of the X-ray
beam by an angle a. Therefore, information on the real part of the refractive index is
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obtained by measuring the refraction angles in each pixel of the detector. Refraction by
an angle « into x-direction results in a shift Az, = d - « of the Talbot-carpet along the
x-axis at distance d behind the sample. Here, we assume that the angle « is very small
which holds true for X-ray refraction in most cases [44]. Accordingly, the stepping curve
is shifted as well and we define its phase term difference between reference and sample
scan as follows:

A%(la]) = (Pl,r(ihj) - 90175(1',]') . (226)

This phase term difference is related to the lateral shift of the Talbot-carpet according to
following equation [23]:

5o Api(ig) = dug, - ali ) = Aas(ig) (2:27)

Here, ps represents the period of the analyzer grating G, while ds ¢, is the distance
between sample and analyzer grating.
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Figure 2.10.: This figure shows a DPC image of a cup of cappuccino. Depending on its
curvature, the glass cup refracts the X-ray beam to the left or right. Therefore, the cup’s
side walls are shown by either bright or dark regions owing to the direction of refraction.
Refraction by the liquid coffee is weak and not observable here. Stepping curves of the
reference and sample scan of one pixel (marked by a green circle) are shown on the right
hand side. The curve of the sample scan is shifted along the x-axis when compared to
the reference scan. This shift is transformed into a differential phase signal according
to equation 2.28. Note that the detected intensity is lower for the sample scan due to
attenuation. This is indicated by the y-axis on the right.

Equation 2.27 represents the case when the sample is placed between gratings G, and Gb.
The case when the sample is placed between gratings GGy and G follows similar geometric
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2.2. GRATING-BASED X-RAY IMAGING

considerations [45]. When combining equations 2.25 and 2.8, a projection of § is obtained
based on the stepping curve’s phase change Ap; [45]:

0 . - P2 .
p / 8(i,j,x,2)dz = “omdics Api(i,5) . (2.28)

Vsample

Equation 2.28 emphasizes that grating-based X-ray imaging allows to measure the deriva-
tive of the projection of § perpendicular to the grating lamellae. Therefore, we refer to
such images as differential phase-contrast images. This differential contrast is illustrated
in figure 2.10. The grating lamellae are oriented along the vertical axis and therefore
refraction in the horizontal direction is observed only. Bright and dark features represent
the glass walls because X-ray are refracted into negative and positive x-direction depend-
ing on the glass’ curvature. Refraction caused by the liquid coffee is too weak in this
case and therefore is not observable. The shift of the stepping curve along the x-axis is
illustrated on the right hand side of figure 2.10. The data points (black hollow rectangles
and circles) represent the detected intensity of one pixel (marked by a green circle) for
several positions of grating GG; along the x-axis. Stepping curves are fitted to the data
points according to equation 2.23.

X-ray scattering and dark-field images

Grating-based X-ray imaging provides a third contrast channel besides X-ray attenuation
and refraction. It is related to the ultra-small and small-angle scattering of X-rays origi-
nating from variations of the sample’s electron density on a micrometer length scale [24—
27|. These microscopic features do not refract the X-ray beam on a macroscopic scale,
but instead scatter the beam. Scattered X-rays reduce the visibility of the Talbot-carpet’s
intensity profile, which we define for each pixel as follows [24]:

aq (Za ])
CLO(ia j)
The visibility reduction caused by a sample follows an exponential law similar to that of
X-ray attenuation [57]. Therefore, we define a scattering coefficient €, which is related to
the visibility reduction according to following equation [57]:

/ e(i,§,z)dz = —In (al’s(?’j)ao””(i’jo — —In(DF) . (2.30)

a'(),s(za j)al,r(imj

V(i,j) = (2.29)

sample

Here, the visibility of the sample scan is normalized to the visibility of the reference
scan. This normalized visibility is often referred to as the dark-field signal DF due
to its similarity to visible light dark-field microscopy [24]. The physical meaning of
the scattering coefficient ¢ is elaborated in more detail in chapter 4. We refer to such
projections as dark-field or scattering images. Measuring the parameter a;, provides
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2. THEORY

information on the sample’s scattering properties. This is emphasized by the image on
the left of figure 2.11 illustrating that the sample’s microstructure results in a strong
scattering signal. The cappuccino’s milk foam produces a strong scattering signal due to
the large number of liquid-air-interfaces in the milk foam. In contrast to that, the liquid
coffee does not scatter because it is a homogenous liquid. Edge scattering is also observed
for the vertical edges of the coffee cup.

Dark-field signal
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Figure 2.11.: This figure illustrates how scattering-based dark-field images are obtained.
A dark-field image of a cup of cappuccino is shown on the left. The grating lamellae are
oriented along the vertical. As edges scatter perpendicular to their edge profile, the cup’s
vertical edges produce a strong scattering signal. Here, the coffee does not scatter because
it can be seen as a homogenous liquid in this scenario. Furthermore, a region of strong
scattering is shown on top of the liquid. This region corresponds to milk foam, which
scatters X-rays due to the large number of liquid-air-interfaces. Stepping curves of the
reference and sample scan of one pixel (marked by a green circle) are shown on the right.
The sample scan has a reduced amplitude when compared to the reference scan. Notably
the stepping curve’s mean intensity is not significantly reduced due to the foam’s weak
X-ray attenuation. This emphasizes that X-ray scattering reduces the visibility of the
Talbot-carpet’s intensity profile.

Because the grating lamellae are oriented along the vertical axis, the interferometer’s sen-
sitivity axis is along the horizontal. Edges give rise to scattering perpendicular to their
edge profile resulting in a strong dark-field signal at the vertical edges. Furthermore, the
visibility reduction is shown on the right hand side of figure 2.11 by the stepping curve
of the reference (solid purple line) and sample scan (green dashed line). Notably, the
stepping curve’s mean intensity is not significantly reduced by the foam due to low atten-
uation. The data points (black hollow rectangles and circles) represent detected intensity
of one pixel (marked by a green rectangle) for multiple positions of grating G along the
x-axis. Stepping curves are fitted to the data points according to equation 2.23.
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2.2. GRATING-BASED X-RAY IMAGING

Besides providing two dimensional images with transmittance, dark-field or DPC, equa-
tions 2.24, 2.28 and 2.30 allow for a tomographic reconstruction of the acquired data.
Therefore, three dimensional information on the attenuation coefficient, the real part of
the refractive index as well as the scattering coefficient are also accessible in grating-based
X-ray imaging.
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3. Details about the experimental
system

This chapter contains detailed information about the experimental realization of an Talbot-
Lau interferometer for X-ray imaging. All experiments, which are presented in this work,
were obtained with the described experimental setup. Otherwise, modifications and other
experimental equipment is addressed at appropriate positions later on.

3.1. X-ray tube and detector

A commercially available X-ray tube XWT-160-SE from X-ray Worx GmbH (Garbsen,
Germany) serves as the X-ray source of the imaging system. It is an open microfocus
tube operating in reflection mode. The tube provides acceleration voltages of 10 — 160 kV
and a maximum target power load of 300 W at 160 kV. The anode’s target material
defining the emission spectrum is tungsten. X-rays exit the vacuum chamber through an
aluminum window with a thickness of 2 mm. This window also serves as a filter for the
tungsten spectrum by reducing the contribution of low energy X-rays. Furthermore, the
beam is collimated to a cone beam with a half angle of 15°. The X-ray source spot is
located at a distance of 0.6 cm from the tube’s outer surface. It has an elliptical shape
and its dimensions increase with increasing target power load. Up to 30 W, the small axis
of the elliptical source spot increases from approximately 4 to 10 um, while it increases
rapidly from 10 to more than 100 um for a target power load range of 30 — 150 W. De-
tailed measurements of the obtained X-ray spectrum and the shape and dimension of the
X-ray source spot are presented in the master thesis of Markus Baier titled " Ezperimental
characterization and optimization of a high-resolution X-ray grating interferometer setup
with respect to material research" |58|.

A commercially available flat panel detector PaxScan®)2520DX from Varian medical sys-
tems (Palo Alto, USA) is used for image acquisition. It consists of a 600 pum thick
scintillator screen made of columnar structured cesium iodide (CsI) and a photo diode
matrix of amorphous silicon. The scintillator screen is positioned at a distance of 0.9 ¢cm
to the outer surface of the protection plate covering the scintillator. The physical size of
each element of the photo diode matrix is 127x127 um and each element represents one
detector pixel. The total area covered by the 1920x1536 pixel is 24.4x19.5 cm?.
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Figure 3.1.: 3D rendering of the experimental setup.






3. DETAILS ABOUT THE EXPERIMENTAL SYSTEM

X-rays are converted to visible light by the scintillator and the photo diode matrix collects
the visible light. The visible light signal is integrated for each acquired frame. The
columnar structure of the Csl scintillator is beneficial for imaging because it reduces the
point spread function (PSF) of the detector system when compared to an unstructured
scintillator. Further details on the detector’s PSEF are presented in the aforementioned
master thesis of Markus Baier [58]. The read out unit of the detector operates at 0.5—12.5
frames per second (fps) but for most measurements we used a frame rate of 1 fps.

3.2. X-ray gratings and the Talbot-Lau interferometer

The grating interferometer consists of three microstructured gratings. Their grating lamel-
lae are oriented along the y-direction for the presented experimental setup. Detailed
parameters of the three gratings are presented in table 3.1.

Table 3.1.: Specifications of the three gratings used in this study

Grating Gy Gq Go
Effect absorption /2 phase-shift absorption
Lamellae material Gold Nickel Gold
Material height |pm)| 160 — 170 8 160 — 170
Grating period [pm]| 10 5 10

Duty cycle 0.5 0.5 0.5
Substrate thickness [um] 500 200 150
Geometry Round d=5cm Round d=5cm Round d=9 cm
Layout Bridge / Bridge

According to equation 2.7, the phase grating’s lamellae result in a phase shift of 7/2
for an X-ray energy of 45 keV when taking the nickel height of 8 ym into account. We
refer to this energy as the interferometer’s design energy, because it is the X-ray energy
for which the phase grating results in the required phase shift. Therefore, the tube was
operated at an acceleration voltage of 60 kV for all experiments giving rise to a mean
energy of the X-ray spectrum of around 45 keV, taking into account absorption by the
aluminum window and the energy dependence of the scintillator material’s absorption
coefficient. Indeed, a maximum visibility of approximately 28% was obtained for energies
of 40 — 45 keV by energy resolved measurements with the gratings described in table 3.1.
Detailed information on the measurements and analysis of X-ray spectra are presented
in reference [58|. The first fractional Talbot distance is 92.7 cm for the given parame-
ters according to equation 2.20. Here, we also presume a symmetric interferometer with
day.cy = da, ¢, and a magnification factor of M = 2 for the phase grating. Due to exper-
imental constraints, the source grating is placed at a distance of 8.5 cm to the tube, while
the phase grating is positioned at a distance of 101.2 ¢m to the tube accordingly. The
analyzer grating is placed at a distance of 193.9 cm to the tube. The detector is placed
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1 ¢cm behind the analyzer grating at a distance of 194.9 ¢m to the tube. The microfocus
tube’s small source spot at target power loads smaller than 10 W allows for the realiza-
tion of a two grating interferometer omitting the source grating. This configuration was
used for grating alignment prior to the measurements. The phase and analyzer grating
were aligned without the source grating using a target power load of 10 W based on the
Moiré fringe pattern. Then, the source grating was mounted and aligned to the phase
and analyzer grating based on the Moiré fringe pattern. For reasons of time efficiency,
the three grating configuration was used in all experiments because it allows high flux
measurements due to large source spots. Stepping curves are obtained by moving the
phase grating along the x-axis for reference and sample measurements. An illustration
of the experimental setup is shown in figure 3.1. An Eulerian cradle is located between
source and phase grating. It serves as a sample stage that moves the sample in x-, y- and
z- direction and also rotates the sample by all three Eulerian angles. A second sample
stage is located between the phase and analyzer grating. It allows to move the sample in
X-, y- and z- direction as well as to rotate the sample around the y-axis.

3.3. Optimization of the system

The set of gratings presented in table 3.1 was the initial configuration of the experimental
setup. During the course of this work, the performance of the setup was further improved
by replacing the source and phase grating. The reference pattern’s visibility is used as
a measure for the performance of the setup. It is defined in equation 2.29 in chapter 2.
Figure 3.2 displays three different visibility maps of the step-wise optimized setup. Mea-
surements were performed with an acceleration voltage of 60 kV and a target power load
of 100 W. In order to measure the stepping curve in each pixel, G; was moved in 7 steps
by 5 um along the x-axis. An image was acquired with an exposure time of 1 s for each
step. The detector’s framerate was set to 1 fps. The visibility maps in figure 3.2 represent
the reference pattern’s average visibility measured by each detector pixel.

Table 3.2.: Specifications of the new phase and source gratings used in this work.

Grating Gy G
Effect absorption 7 phase-shift
Lamellae material Gold Gold
Material height [pm] 200 8.6
Grating period [um)] 10 10

Duty cycle 0.5 0.5
Geometry Round d=5 cm Round d=5 cm
Layout Sunray /

While the new phase grating improved the visibility from 21.86% up to 24.56%, the new
source grating resulted in a visibility increase to 31.18%. The major improvement caused
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3. DETAILS ABOUT THE EXPERIMENTAL SYSTEM

by the new source grating is related to its layout. While the old source grating was based
on a bridge design the new grating was produced with a sun-ray layout. More information
on the different grating layouts is provided for example in reference [59]. Furthermore,
the vertical lines of reduced visibility shown in figure 3.2 a) and b) are removed in image
¢). Those lines originated from heat damage of the old source grating due to a continuous
use in high flux measurements. A detailed description of the new gratings is given in
table 3.2.

Visibility
0.45

Figure 3.2.: a) The visibility map of the initial grating configuration given in table 3.1 is
shown. The visibility of 21.86% was calculated from the region of interest indicated by the
red circle. Besides some artifacts showing a visibility of 0% some vertical lines of reduced
visibility perturb the circular field of view. b) The visibility map after implementing the
new phase grating is shown. Details on this grating can be found in table 3.2. While the
dominant artifact in the center of the field of view is removed, also the visibility increases
to 24.56%. ¢) The visibility map is shown after implementing a new source grating (see
table 3.2). While the vertical lines of reduced visibility have vanished, the visibility further
increases to 31.18%. The remaining artifacts stem from defects on the analyzer grating,
which are related to the manufacturing process.

The lamellae’s gold height of 8.6 um of the new phase grating results in a phase shift of 7
for an X-ray energy of 45 keV according to equation 2.7. Equation 2.20 therefore results in
the same first fractional Talbot distance for the new grating as for the old phase grating.
Thus, the interferometer’s geometry was not changed. According to equation 2.21, the
new phase grating’s period was increased to 10 ym, taking into account the magnification
factor of M = 2 for the phase grating.
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4. Quantitative X-ray dark-field
Imaging

In this chapter, a theoretical model for the quantification of the dark-field signal is de-
veloped. First, we give a summary on previous efforts and approaches to this problem.
Having introduced basic concepts of scattering theory, a brief excursion is presented ad-
dressing a particular neutron scattering technique, which shares some physical character-
istics with grating-based X-ray dark-field imaging. Further on, a theoretical framework is
developed, which relates the dark-field signal to physical quantities known from classical
scattering theory. Finally, we validate our theoretical findings with experimental results
based on a novel experimental approach. This approach allows to obtain quantitative
structural information on the nano- to micrometer length scale with grating-based imag-
ing systems using laboratory X-ray equipment. The results presented in this chapter have
been published in the following article:

F. Prade et al. "Short-range order in mesoscale systems probed by X-ray grat-
ing interferometry". In: EPL 112.6 (2015), p. 68002. pOI: 10.1209/0295-5075/112/
68002

Parts of the following text were adapted from this article.

Literature overview

In first efforts, rigorous wave propagation theory was applied to relate the dark-field signal
to structural properties of the sample. As a result, a relation between the dark-field sig-
nal and the auto-correlation function of the sample’s microstructure was found |25, 26]|.
While Yashiro et al. restricted their considerations to a scenario where the sample was
placed in front of the phase grating, Lynch et al. extended the obtained dark-field model
for experiments where the sample is placed behind the phase grating. These theoretical
findings were further experimentally supported by synchrotron measurements. Structural
properties were successfully characterized in those experiments by measuring the dark-field
signal of microparticle solutions with various interferometer configurations and X-ray en-
ergies. As a first exemplary application, the two dimensional auto-correlation function of
a rubber sponge’s microstructure was successfully studied using a synchrotron setup [61].
However, an experimental approach making such measurements feasible with laboratory
X-ray sources has not been available so far. Recently, a general theoretical approach for
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4. QUANTITATIVE X-RAY DARK-FIELD IMAGING

the dark-field signal’s quantification was outlined by M. Strobl. It indicates some striking
similarities between the dark-field signal and a neutron scattering technique known as
spin-echo small-angle neutron scattering (SESANS) [27, 62-64]. M. Strobl confirmed
the relation between the dark-field signal and the sample’s auto-correlation function from
the perspective of classical scattering theory. According to this relation, grating inter-
ferometers perform a back transformation of the object’s scattering function into real
space. Thus, a real-space correlation of the sample’s microstructure is easily extracted
in a quantitative manner by fitting experimental data with already available models of
correlation functions. The transfer of synchrotron-based quantitative dark-field imaging
as described in references [25-27, 61| to small-scale laboratory setups opens up new pos-
sibilities for materials research and non-destructive testing. In order to emphasize this
potential, the following chapter provides detailed insight on the physical foundation of the
dark-field signal based on the theoretical formalism of small-angle scattering techniques.
We further describe the experimental feasibility to transfer this method to setups based
on conventional X-ray tubes and present first experimental results.

4.1. Small-angle X-ray scattering

4.1.1. Differential scattering cross-section

Elastic X-ray scattering by a free electron has been introduced in chapter 2. Now, we
elaborate further on the general formulation of scattering processes and their experimental
application for the characterization of structural properties. Figure 4.1 illustrates impor-
tant physical quantities which are used to formulate the measured scattered intensity.

We consider an X-ray beam of incoming flux &, which is scattered by an electron. The
beam’s flux is proportional to the squared amplitude ¥, of the incoming wavefront. Hence,
the scattered intensity I is proportional to the product of the scattered flux ®,. and the
area of the detector Ap, which is located at distance Rp to the electron and at solid angle
AS2. The following equation states these proportionality relations between the detected
scattered intensity I, and incoming intensity I, with respect to solid angle AQ [43]:

Iy AQUS  and L, oc REAQU?  with RIAQ=Ap .  (4.1)

The differential scattering cross-section do/dS) is defined as the ratio of scattered to
incoming intensity resulting in following equation:

do I _ R%L 02,

aw _ 2D ¥se 42
aQ - I 02 (42)
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4.1. SMALL-ANGLE X-RAY SCATTERING

The scattered wave’s amplitude W, ., originating from a single free electron is described
by a spherical wave [43]:

(4.3)

(P ¥
..f. (1
qDOOCLP(z)

Figure 4.1.: This figure shows a schematic illustration of the differential scattering cross-
section. An X-ray beam of incoming flux ® is scattered by an electron. A detector of area
Ap detects X-rays scattered into solid angle A} at a distance Rp. The flux of scattered
X-rays is @, and it is proportional to the incoming wave’s squared amplitude. Scattered
and incoming intensities are proportional to the scattered and incoming flux multiplied by
the corresponding area. The definition of the differential scattering cross-section do/dS2
is based on these quantities.

Here, a,. represents the scattering amplitude or scattering length of the electron. Tt
describes the strength of the scattering interaction. The parameter R is the modulus of
vector R which represents the position at which the scattered wave is observed. In the case
of elastic X-ray scattering by a free electron, the scattering amplitude a,. is represented by
the classical electron radius or Thomson scattering length r.; and the polarization factor
P (see equation 2.4). As mentioned in chapter 2, we restrict all considerations concerning
scattering processes to free electrons. Under the assumption of small scattering angles
and of 6 < 0.1° the electron’s scattering amplitude reduces to r,; while P = 1 when using
unpolarized X-ray sources [12].

4.1.2. Theoretical small-angle scattering formalism

The assumption of small scattering angles leads to the mathematical formalism of small-
angle X-ray scattering (SAXS). It is derived by solving the Schrodinger equation of a wave
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4. QUANTITATIVE X-RAY DARK-FIELD IMAGING

interacting with a potential. Iteratively solving the Schrodinger equation results in a series
expansion for the solution of the scattered wave, which is called the Born series. This ex-
pansion can be restricted to its first term under the assumption of a weak potential. This
results in the Born approximation for the solution of the scattered wave [65]. Assuming a
weak potential is equivalent to an incoming wave which is constant within the scattering
volume. In addition, SAXS also uses the following two geometrical simplifications: On
one hand, the scattered wave resembles a plane wave as the wavefront’s curvature is negli-
gible at large a distance. Furthermore, the detector is placed far away from the scattering
object and therefore Rp > r when considering scattering by two electrons separated by 7.

Instead of solving the Schrodinger equation to obtain a solution for the scattered wave,
we use a phenomenological approach starting from a two electron scenario. Figure 4.2 a)
shows a schematic illustration of this case.

a)

Yo

Wsc

Figure 4.2.: This figure shows a schematic drawing of scattering by two electrons and a
geometrical representation of the scattering vector Cj a) An incoming wave is scattered
by two electrons separated by 7. Due to the path difference As = Asy — As; the two
scattered waves have a phase difference A® = (27 /)\)As when reaching the detector at
distance Rp. For convenience we define the scattering angle as 26. b) The phase difference
A® is obtained by projecting vector 7 onto the wavevectors ko and k,.. This is indicated

by the dashed lines orthogonal to 150 and k.. Furthermore, the scattering vector @) is
defined by this geometry as Q) = kg, — ko.

An incoming wave is scattered by two electrons at an angle 20. The scattered waves
originating from the two electrons travel different distances (As; and Ass) before reaching
the detector. The path difference Asy — As; results in a phase difference A®, which is
calculated based on geometrical considerations as illustrated in figure 4.2 b). By projecting
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4.1. SMALL-ANGLE X-RAY SCATTERING

vector 7 onto the wave vectors of the incoming and scattered wave, ko and kye respectively,
one obtains the following expression for A® [12]:

2T

A

Here, we define the scattering vector Cj as the difference of the wavevectors 150 and k:c.
The phase difference of the two scattered waves has to be considered when calculating the
total scattered intensity. This results in the following expression of the scattered wave

—

U, n(Q) for the discrete case of N electrons [12]:

AP = (Asy — Asy) = — (koo — koT) = —FQ . (4.4)

Wryetholio

msc,N(@) = - RD

D eten (4.5)
The phase differences of all N electrons, which are located at a distance 7; from an
arbitrary point of origin, are summed up and multiplied with the scattered wave of a
single electron (see equation 4.3). The more realistic scenario of a continuous electron
distribution p(7) requires some further considerations: A small volume dV, also written
as d°r, located at position 7 contains p.;(7)dV electrons that scatter with a phase difference
of exp(—i@?) compared to an arbitrary point of origin. This is illustrated in figure 4.3.

Wo

Figure 4.3.: This figure illustrates X-ray scattering by a continuous electron distribu-
tion. An incoming wavefront is scattered by a continuous distribution of electrons pe; (7).
Each volume element dV/, also written as d®r, of the sample scatters with a strength of
Teper(7)dV . A fraction of the incoming intensity is scattered at an angle 260 and is detected
at distance Rp.

As the number of electrons increases, we replace the summation in equation 4.5 by an
integral over the sample’s volume V.. Thus, the scattered wave is represented as follows
[12]:
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Here, the scattering length density pg(7) = r¢pe(7) is introduced. Furthermore, we define
the final integration of this equation as the form factor F'(Q) of the scattering object [12]:

F(Q) = | pa(@)e @d*r (4.7)
/

Scattering of many equivalent objects separated by R; is described similar to equation 4.5.
In order to obtain the scattered wave, the form factors F'(Q) of all N particles are multi-
plied by a phase of exp(—iQR;) and summed up [66]:

56 ,Nobj (@) Z (Q) Q'é' Z @ﬁ @) (@) : (48)

J=1

The term S(Cj) represents the so-called structure factor. It provides information on the
distribution of scattering objects within the sample. The structure factor is negligible, if
particles are distributed randomly, while it contributes significantly, if the object’s distri-
bution follows a certain pattern or order. Thus, as soon as particle positions are correlated
in space, i.e. in the presence of short- or long-range ordering, S(Q) strongly affects scat-
tering experiments. Going further into detail on the structure factor is beyond the scope
of this work. However, it is a useful tool to interpret some of the experimental results
presented at a later point. But first, we continue with the derivation of the differential
scattering cross-section.

To formulate the differential scattering cross-section using equation 4.2, the squared am-
plitude of the scattered wave is calculated by multiplication with its complex conjugate.
This is represented by the following double integral [12]:

scob](é) sc(RD)\P* (RD R2 //psl 7#),051 7’/) ZQT Zde37”d37"/ . (49)

Ve Vi

By defining R = 77 — 7, this integral is rewritten as follows [12]:

- P2 A P2 L
U0 (Q) = R_QO///OSI( R)pa(Fe " Rdrd® R = R—zo Y(R)e “RPR . (4.10)
D D

Vi Vr Vr
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4.1. SMALL-ANGLE X-RAY SCATTERING

According to the Wiener-Khintchine Theorem, the squared amplitude of the scattered
wave is given by the Fourier transform of the scattering length density’s auto-correlation

—

function v(R):

Y(R) = /psz(F+ R)pa(f)d®r . (4.11)
Vr

Inserting equation 4.10 into equation 4.2 results in following expression for the differential
scattering cross-section for a continuous electron distribution [12, 67]:

do gy~ L / V(B ORGP (4.12)

For convenience, the differential scattering cross-section is normalized to the object’s vol-
ume V. The normalized cross-section yields the fraction of scattered X-rays observed at
scattering vector Cj Equation 4.12 emphasizes that scattering experiments determine the
Fourier transform of the auto-correlation function of the scattering length density distri-
bution. While the differential scattering cross-section represents the fraction of X-rays
scattered by a scattering vector @, the total fraction of X-rays scattered in all directions
is given by the integral of the differential scattering cross-section over the full Q—space:

do , =
a:/d—Q(Q)d Q . (4.13)

Vo

A further simplification is usually made in SAXS by setting the component of @ point-
ing along the propagation direction to zero, i.e. here ), = 0. This is feasible as we
assume elastic scattering at small angles for which the energy of scattered X-rays remains
unchanged [68]. Consequently, the integration of the differential scattering cross-section
along the z-axis can be carried out:

(@) = / G(z,y)e (@@ dydy (4.14)
Ve,Vy

—

Here, the projection G(x,y) of the auto-correlation function v(R) along the propagation
direction, i.e. here the z-axis, is introduced. The projection is defined as follows [68]:

1 1

do -
G(x7y)=f/v(x,y72)dz or G(Ly):; / %(Q)COS(sz+ny)dede

Ve Vaz,Vay
(4.15)
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These two definitions yield the equivalent unit-less function G(z,y) with G(0) = 1 and
G(£o0) = 0. We therefore introduce the unit-less parameter I" to the first definition in
equation 4.15 for reasons of normalization. The second definition uses an inverse Fourier
transform of equation 4.12, which simplifies into a cosine transform assuming v(ﬁ) to be
a real and even function, because exp(iQF) is equivalent to cos(QF) + i sin(Qr). Only the
cosine transform remains in this case while the sine transform vanishes. By performing the
back transformation of equation 4.12 into real-space, structural information is obtained.
Having developed the theoretical tools necessary to interpret scattering data, we now
give a brief introduction to a particular neutron scattering technique. Spin-echo small-
angle neutron scattering (SESANS) shares some striking physical characteristics with
grating-based X-ray imaging. It serves as a basis to transfer the mathematical small-
angle scattering formalism to Talbot-Lau interferometry [27].

4.1.3. Spin-echo small-angle neutron scattering

Figure 4.4 illustrates the basic configuration of a SESANS experiment. A polychromatic
and divergent neutron beam is spin polarized along the x-axis by a polarizer. The polarized
beam passes through two geometrically identical coils creating a magnetic field pointing
into negative (coil 1) and positive y-direction (coil 2). The spin of the polarized beam
precesses in the x-z-plane around the y-axis in those fields. However, as the magnetic fields
are geometrically identical, but inverted along the y-axis, the polarization is preserved
behind the two coils. The polarization is measured by an analyzer and a detector at the
end of the experiment. A sample, which is placed between the two coils, scatters the
neutrons. Scattered neutrons pass the second coil at an angle 260 reducing the beam’s
polarization because the precession angle acquired due to the first coil 1 is not fully
compensated by the second coil 2 anymore. The remaining polarization in x-direction P,
of neutrons scattered by a scattering vector @, is calculated as follows [62]:

Psc(Q:r) =K COS(A¢(QI)) : (416)

The scattering vector’s z-component (), is negligible due to the restriction to small angles.
Furthermore, the y-component (), is neglected as well because it does not influence the
polarization in x-direction |62, 63]. P, represents the beam polarization observed without
a sample. The argument of the cosine A¢(Q),) represents the remaining precession angle
in the x-z-plane behind the second coil. It geometrically depends on the scattering vector
Q.- According to equation 4.13, a total fraction of o of the neutron beam is scattered.
The remaining fraction of neutrons 1 — o contributes fully to the polarization. In contrast
to that, neutrons scattered at scattering vector (), contribute to the polarization in x-
direction according to equation 4.16. The fraction of scattered neutrons is given by the
differential scattering cross-section %(Qx)- The remaining polarization of the scattered
fraction of neutrons is added to the polarization of the unscattered fraction of neutrons.
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4.1. SMALL-ANGLE X-RAY SCATTERING

The total polarization P, observed by the analyzer is therefore calculated as follows |62,
67

do
Pou=1—-0)P+ / E(Qx)Po cos(Ap(Q))dQ, . (4.17)
Vou
Here, Py multiplied by (1 — o) accounts for the contribution of unscattered neutrons. The
contribution of scattered neutrons is integrated over the full @),-space.

Polarizer B-Field 1 Sample B-Field 2 Analyzer
Neutron beam z Detector

Figure 4.4.: This figure depicts an experimental setup for SESANS experiments. A poly-
chromatic and divergent neutron beam is polarized along the x-direction by a polarizer.
The polarized beam passes through two magnetic fields pointing along negative (field 1)
and positive y-direction (field 2). The beam polarization is measured by an analyzer and
a detector. A sample, which scatters neutrons by an angle 26, causes a loss in polarization
along the x-axis.

By normalizing the remaining polarization with the initial polarization, and taking into
account the definition of the correlation function G(z) in equation 4.15, we obtain the
following relation [62, 68|:

]Dtot

F
The variable &, depends on the geometry of the experimental setup and the magnetic
field strength B. As equation 4.17 represents a inverse Fourier transform, ., represents
the real-space transformation variable equation 4.18. It is usually in the range of a few
micrometers. More details on the calculation of &, are presented in references |62, 63,
67, 68|. Equation 4.18 emphasizes that the normalized polarization yields information
on the correlation function G(&.o), which is defined in equation 4.15, and therefore al-
lows to study the object’s microstructure. For example, microstructural parameters of

compressive powders and food products, such as cheese and yogurt were studied based on
SESANS measurements |69, 70|.

—1—0+40G(Eworr) - (4.18)

45



4. QUANTITATIVE X-RAY DARK-FIELD IMAGING

In a recent publication, physical similarities of SESANS and the dark-field signal were
pointed out [27]. While the neutron beam’s initial polarization is used similar to the
visibility of a grating interferometer, the normalized polarization after interaction with a
sample is physically equivalent to the dark-field signal [27]. Furthermore, the measured
scattering signal is superimposed to the unscattered beam for both techniques and in both
cases it is modulated by a cosine function. In SESANS, this modulation stems from the
precession of the polarization vector, while in grating-based imaging it is caused by the
modulation of the Talbot carpet’s intensity profile. These common physical characteristics
of both techniques immediately suggest to transfer the theoretical framework of SESANS
to grating-based X-ray imaging to obtain a theoretical model for the dark-field signal.
This is the purpose of the following section.

4.2. Implications of SAXS theory for the dark-field
signal

In order to derive the physical meaning of the scattering coefficient ¢ introduced in equa-
tion 2.30 and its relation to quantities of scattering theory, we briefly recapitulate the
working principle of a grating interferometer. The general layout of a Talbot-Lau inter-
ferometer is illustrated in figure 4.5. Its principle components are two absorption gratings
Gp and G5 and a phase grating G;. Grating G provides beam coherence necessary to
observe interference [23|. Due to the fractional Talbot-Effect a characteristic intensity
pattern, i.e. the Talbot-carpet, is created behind the phase-grating G;. Grating G, allows
to analyze this pattern with conventional X-ray detectors, which usually have large pixels
that do not allow to resolve the pattern directly [20].

We consider an incoming X-ray beam with intensity I, which illuminates the interfer-
ometer. If no sample interacts with the beam, the resulting intensity profile along the
x-direction at the position of Gy is well approximated according to equation 2.23 [57].
Here, a simplified representation is used by omitting the pixel position index, and consid-
ering only one pixel:

L, (z)
Iy

= ag + a, cos l2—ﬁx] : (4.19)
P2
The observed intensity profile shows a cosine modulation along the x-axis at the position
of the analyzer grating. Its period depends on the period p, of G5. In the following,
we refer to this intensity profile as the reference pattern denoted by the index r. The
parameter ag represents the fraction of incoming intensity that is evenly distributed as
the mean of the pattern, while a; gives the fraction that is transformed into the amplitude
of the pattern. Both parameters, ay and a;, depend on the specifications of the gratings
used, and they are unique for each combination of gratings and energy. They are therefore
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unique for each individual experimental setup. The purple curve in figure 4.5 represents
such a reference pattern. If a sample is placed between G; and G,, a fraction of the
beam is scattered by a scattering vector Cj according to the differential scattering cross-
section do/dQ(Q) (see equation 4.2). The interferometer is not sensitive to scattering in
y-direction because the grating lamellae run along the y-axis. We will therefore neglect
the y-component @), in the following considerations. Furthermore, the z-component @),
vanishes due to the assumption of small scattering angles [62, 66].

Go dGO,G1 G, dG1 G2 G,
| | 1

20

AX

<L, | |

V4
dS,GZ

Figure 4.5.: This figure depicts the general layout of a Talbot-Lau interferometer and
the observed reference pattern and a scattered pattern. The interferometer consists of
a source of intensity Iy, three gratings and a detector pixel. The purple solid curve
represents the unscattered reference pattern. A sample positioned at a distance dg ¢, to
grating (G5 interacts with the X-rays. The orange dashed curve illustrates the pattern
originating from X-rays scattered in x-direction at an angle 20. Both curves are shifted
along the x-axis by Ax.

The scattered X-ray fraction gives rise to a periodic pattern similar to the reference pattern
of the unscattered beam given by equation (4.19). In contrast to the reference pattern,
this scattered pattern has less intensity, and it is slightly shifted by Az along the x-axis
due to scattering in this direction. An exemplary pattern of scattered X-rays is illustrated
by the orange dashed curve in figure 4.5. It depends on @), and is formulated as follows:

L0 2 @+ g @eos [ @ran] )
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4. QUANTITATIVE X-RAY DARK-FIELD IMAGING

The differential scattering cross-section accounts for the fraction of intensity that is scat-
tered by ., while Ax accounts the scattered pattern’s shift in x-direction. In the follow-
ing, we refer to I, as the scattered pattern denoted by the index s. Here, the thickness
of the sample ¢ is introduced in order to account for extended objects. In equation 4.2,
do /dS2 of a single object is normalized to its volume. Hence, the scattered fraction of the
whole sample is given by a multiplication of the differential cross-section with the sample
thickness. X-ray attenuation is here neglected for reasons of simplicity. However, it is
easily included by multiplication of equation 4.20 with an exponential term according to
the Beer-Lambert law as stated in equation 2.14.

Besides being scattered, a certain fraction of the beam is transmitted, and superimposes
the scattered pattern at the site of the detector. The pattern I, of this unscattered
fraction is obtained by multiplying the reference pattern stated in equation 4.19 with a
factor of (1 — ot). We obtain the superposition I¢,,s by adding the unscattered pattern
1,5 to the scattered pattern I stated in equation 4.20. This procedure results in following
representation for the superposition [, ,:

‘[9 us X 2
Lstus (Qa, 2) =(1—ot) (ag + a; cos {—ﬁr])
Iy D2

v~
Ius

do
+ aOtd_Q (Qx)
I

2T

+ alt;i—g (@) cos []92 (x + A:c)] : (4.21)

N J/
-~

Is

The superposition of scattered and unscattered pattern depends on (),. Thus, we inte-
grate Iy, (Q, ) over the full Q,-range because all scattering vectors contribute to the
total observed intensity pattern [;.;:

48



4.2. IMPLICATIONS OF SAXS THEORY FOR THE DARK-FIELD SIGNAL

]totlo(x) = (1 —ot) <ao + @, cos E_:xD

+at / 2 (Q,) cos [i—” (:B+Ax)] dQ, . (4.22)

Under the assumption that the differential scattering cross-section is an even function, i.e.
99 (Q,) = % (—Q,), the cosine term cos [z + Az] can be split up according to following
identity:

cos [x + Az] 4 cos [v — Az]
2

= cos [z] cos [Ax] . (4.23)

Using equation 4.23 and the definition of the total scattering cross-section o given by
equation 4.13, equation 4.22 is rewritten as follows:

Iy D2

Toor () (1—ot) (ao +ay cos [214)

+ aotO'

2r do /\CZSG2 :|

+ aitcos | —x — (@) cos | ——=Q,| dQ, . 4.24

eos [ L/dQ@) 2520,] aq (129
Qz

A detailed derivation of equation 4.24 is given in appendix A. Here, we also used the
following relation between Ax and the scattering vector (), under the small-angle ap-
proximation for the scattering angle 26:
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4. QUANTITATIVE X-RAY DARK-FIELD IMAGING

AQ.d
Az = sin (20) ds,q, ~ % . (4.25)
m

This relation is derived based on simple geometric considerations shown in figures 4.5 and
4.2. Equation 4.24 can be further simplified, and using the correlation function G(x) (see
equation 4.15) finally yields the following expression for the I,:

L 2 Ad
tot (2) = ag + a; cos {—Wx] X (1 — ot + ot (ﬂ)) . (4.26)
Iy D2 D2

Remarkably, this resembles the reference pattern given by equation 4.19 with just a slight
modification. An additional term including the correlation function G(x) is multiplied to
the cosine term. This term is equal or less than unity, due to the definition of G(x), and
it consequently reduces the amplitude, or visibility, of the observed pattern ;.

Here, we emphasize that the argument Adgq,/ps of the correlation function in equa-
tion 4.26 corresponds to the beam separation of the first diffraction order as reported in
references |71, 72|. From this point of view, the sample is scanned by a split beam and
spatial correlations within the sample are probed at the length scale of this beam separa-
tion. We refer to the beam separation as .. in the remainder of this work. If the sample
is placed in front of the grating Gy, the beam separation equals to .. = Adg,.s/Po-
Here, py is the period of Gy, and d, s represents the distance between the source grating
and sample. This corresponds to findings of previous publications |26, 27, 73|. Scanning
the sample with a split beam is another characteristic that grating-based X-ray dark-field
imaging shares with SESANS. Here, the neutron’s spin wave is split into diffraction orders
by the magnetic fields and the sample is scanned with this split beam [72]. Figure 4.6
illustrates how a sample is scanned by two beams spatially separated by &.....

The last line of equation 4.24 implies that a grating interferometer transforms the scatter-
ing function do/dS) back into the system’s correlation space. According to equation 4.15,
this results in a direct relation between the dark-field signal and the correlation function

G (gcorr)-

The dark-field signal is defined as visibility (see equation 2.29) obtained with the sample
normalized to the reference pattern’s visibility. Dividing equation 4.26 by equation 4.19
results in the following expression for the dark-field signal DF"
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Figure 4.6.: This figure illustrates how a sample is scanned by a split beam in grating-
based X-ray imaging. The gratings split the beam into the first diffraction order. The
parameter &, represents the spatial separation of these diffraction orders. Correlations
within the sample are probed on the length scale of the beam separation.

DF(gcorr) =1—ot+ otG (6007”7’)
= €Xp [Jt (G (5007“7‘) - 1)]

= exp / o (2) (G (Eeorps 21) — 1) dzt| . (4.27)

VSa'mple

The second line of equation 4.27 represents the case of scattering by many particles |74,
75|, while the third line represents the case of inhomogeneous samples|27|. Here, the
sample thickness t is replaced by a line integral through the sample equivalent to the
line integral given in equation 2.24 in chapter 2.28. A similar result has been obtained in
reference |76| under the assumption of a Gaussian differential scattering cross-section and
the limitation to single scattering. Thus, the presented mathematical formalism provides
a more general understanding of the dark-field signal.

Equation 4.27 directly relates the dark-field signal to the real-space correlation function
G (&eorr) of the sample’s microstructure. The correlation length ., determines at which
specific length correlations within the sample are probed by dark-field measurements. As
already outlined in the previous text, ... is calculated as follows:
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4. QUANTITATIVE X-RAY DARK-FIELD IMAGING

dGo,S

Figure 4.7.: This figure illustrates the experimental procedure to measure the correlation
function G(z) with a laboratory-based X-ray grating interferometer. The sample is placed
either between Gy and G, or between G; and G, and the correlation length &, is tuned
by varying the sample’s position. For each sample position, a dark-field image is acquired.

Ads, Gy
_ P2

SCOTT' - )\dGO s
Po

, if the sample is placed between G and G5 ( )
4.28
, if the sample is placed between Gy and G,

According to equation 4.28, the correlation function G(z) can be evaluated for a certain
range of the correlation length by tuning the parameter ..., within the experimentally
feasible limitations.

4.3. Experimental validation

Tuning &, is experimentally achieved by either moving the sample between Gy and G,
or GGy and Gy, while acquiring dark-field images at different sample positions defined by
dsc, or dg, s. This experimental approach is illustrated in figure 4.7. In order to prove
the experimental feasibility of this approach, and to validate the theoretical findings of the
previous section, measurements on suspensions of microparticles were performed. Each
sample contained silicon dioxide (Si03) microspheres of a well-defined diameter. Hence,
suspensions of monodisperse spherical microparticles with following diameters (according
to the manufacturer’s specifications) were imaged:0.519 + 0.014, 0.966 + 0.03, 2.79 +0.12
and 7.38 £0.24 ym. The microparticles were acquired from microparticles GmbH (Berlin,
Germany). A photograph of the sphere suspension samples is show in appendix B in
figure B.1.
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4.3. EXPERIMENTAL VALIDATION

4.3.1. Measurements on diluted suspensions of monodisperse
microspheres

In the first experiment, the microspheres were suspended in water. The suspensions were
filled into plastic cuvettes with rectangular cross-section and an inner diameter of 1 cm.
500 mg of S10y microspheres were suspended in 2 ml of water for each sphere diameter.
The specifications of the interferometer and the gratings used are given in table 3.1 in
chapter 3. The tube was operated at 150 W. For each dark-field image, 7 phase steps were
acquired with an exposure time of 2 s per step. The samples were either moved from G|
to G, or G1 to G5 in 5 mm steps, and a dark-field image was acquired for each sample
position.

D [um]
a) 0.513 0.966 2.79

Figure 4.8.: This figure shows transmittance images of suspensions of monodisperse SiOs
microspheres acquired at different sample positions dg g, = 0.646 m (a), ds g, = 0.446 m
(b), ds.c, = 0.246 m (c) and dgq, = 0.046 m (d). As the sample moves closer to Gb,
magnification decreases. It is important to note that no effect on the transmittance signal
is observable.

Figure 4.8 shows transmittance images of four microsphere suspensions at different sam-
ple positions. The samples appear with less magnification as the distance dg ¢, decreases,
while the transmittance signal remains unchanged for each position. Regions of increased
attenuation are located at the bottom of the cuvettes containing microspheres with diam-
eters of 0.513, 2.79 and 7.38 um. These regions correspond to Si0O, spheres that settled
onto the cuvette’s bottom prior and during the experiment. These regions are not consid-
ered for the evaluation of this experiment as we focus on the suspension first. However,
due to the sphere’s settling the exact sphere concentration cannot be stated for this ex-
periment.
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4. QUANTITATIVE X-RAY DARK-FIELD IMAGING

The corresponding dark-field images of this measurement are displayed in figure 4.9. In
contrast to the transmittance signal, the dark-field signal shows a strong dependence on
the sample position. The scattering signal of the four suspensions reduces, and the samples
have vanished from image d) of figure 4.8 when close to Gy. In order to emphasize this
observation, we calculate the mean dark-field signal averaged over the region of interest
(ROI), which is marked by the green rectangles in figure 4.9. This was done for the
suspension containing microspheres with a diameter of 0.519 £ 0.014 gum. The resulting
mean dark-field signal is plotted against the system’s correlation length &, in figure 4.10.

D [pum]
a)0.513 0.966 2.79

Figure 4.9.: This figure shows dark-field images of suspensions of monodisperse Si0,
microspheres at different sample positions dgg, = 0.646 m (a), dsg, = 0.446 m (b),
dsc, = 0.246 m (c) and dgg, = 0.046 m (d). When the samples are close to G5, image
magnification decreases. The dark-field signal strongly depends on the sample’s position.
As the scattering signal decreases when the sample is positioned close to Go, the samples
have almost vanished in image d).

The correlation length was calculated according to equation 4.28 assuming a mean X-ray
energy of 45 keV. A correlation length of £, = 0 corresponds to the case when the sample
is placed exactly at the position of GG5. The averaged dark-field signal approaches unity
for small values of &, i.e. when the sample is close to G5. The signal decreases quickly
with increasing &, and reaches a constant level just below 0.875 for a correlation length
of &orr > 0.5 pm. This visual examination already provides qualitative information on
the sample’s microstructure.

The correlation function G (z) basically describes the overlap of two spheres separated
by = [68]. An illustration of this is given in figure 4.11. Hence, correlation only exists
if this separation is smaller than the sphere’s diameter. Hence, the correlation function
G (&eorr) drops to zero for & > D. According to equation 4.27, the dark-field signal
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reaches a constant level of DF' = exp (—ot) in this case. This behavior is shown by the
dark-field signal’s curve in figure 4.10. In addition to that, a quantitative characterization
of the sample’s microstructure is feasible with the appropriate model for the correlation
function G(z). In the case of a sphere, G (z) is analytically known and is approximated
by the following equation |63, 67|:

Cphere () = xp [—2 (%)2} | (4.20)

The parameter R approximately represents the sphere’s radius. Using this model, it
is possible to fit the experimental data by inserting equation 4.29 into equation 4.27.
The pink curve in figure 4.10 represents the resulting fit. The fitting parameter R is
0.223 pm for this measurement. This finding is in good agreement with the sphere’s
actual diameter of 0.513 um taking the precision of the manufacturer’s specifications as
well as measurement errors into account. These errors mainly originate from the accuracy
of sample positioning, which is assumed to be +2 cm. FErrors of the sample position
translate directly into errors when calculating the correlation length. Therefore we obtain
an error of A&y = 0.06 um.

1.000 ‘ I \ [
1-N-7---| © Suspended spheres with D=0.513 ym
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Figure 4.10.: This graph shows the mean dark-field signal of a suspension of SiOs
microspheres with a diameter of 0.513 pum. The dark-field signal is plotted against the
correlation length &.,,... The sample was moved from G to GGy in 5 mm steps. The number
of data points is reduced to provide a good visualization. The error-bars in x-direction are
dominated by the accuracy of the sample position of 2 cm and result in A&, = 0.06 pum.
The data was fitted according to equation 4.29.
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4. QUANTITATIVE X-RAY DARK-FIELD IMAGING

We neglect errors of the grating period and the mean energy of the X-ray spectrum.
Equation 4.27 further contains the parameter o which is provided by the fit as well. It
contains information on the microparticle concentration and the difference of electron den-
sity between water and SiO, [68]. However, due to the sphere’s settling on the bottom of
the cuvette the sphere concentration was unknown, and we therefore omit a quantitative
analysis of o.

a) &corr=0 b) 0<Gcorr<D c) 0<Gcorr<D d) D<€corr

1

Figure 4.11.: This figure shows a graphical interpretation of the auto-correlation function
of a sphere. The sphere’s auto-correlation function is represented by the overlap of two
spheres with diameter D. Omne sphere is shown by a black solid circle, while the other
sphere is shown by a orange dashed circle. By increasing the separation &...» between the
two spheres, their overlap decreases. a) For &, = 0, the spheres perfectly overlap and the
shared volume (green region), i.e. the correlation function, is at the maximum. b) and
¢) When &, increases the shared volume decreases along with the correlation function.
d) As soon as the separation becomes larger than the sphere’s diameter &.... > D, the
shared volume decreases to 0 as no correlation exists.

The average dark-field signal was calculated for each suspension sample. The spheres with
diameter D = 7.68 pum settled quickly, and a sufficient fraction of suspended microspheres
was not maintained long enough to allow an analysis. Figure 4.12 shows the average dark-
field signal for three suspensions containing spheres of diameters D = 0.513, D = 0.966
and D = 2.79 um. Graph a) represents the measurements in which the samples were
placed between Gy and Gy, while graph b) represents the measurement in which the
samples were placed between GG; and GG5. The data points of each sample are axisymmetric
to the phase grating GG;. This symmetry validates equation 4.28, which formulates the
correlation length &.,... The correlation length &.,.. is given at the top x-axis of each
graph. It linearly decreases from &,,,, ~ 2.5 um at the position of Gy to &, = 0 um
at the positions of Gy or G, respectively. A reliable visual interpretation of the curve’s
that represent the microspheres with a diameter D = 2.79 um is not feasible because
the diameter is well above the maximum correlation length of the interferometer. This
maximum length is given by &nae = Adg, 6, /P2 = 2.5 pm when inserting the parameters
given in table 3.1. A continuous signal decrease towards grating (G, is therefore observed,
and a constant level is not reached in this case. The dark-field signal curve representing the
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spheres with a diameter of 0.966 pm shows a different behavior as a minimum is observed
before the dark-field signal levels out at a constant level of DF = 0.7. In this case,
the constant level is reached at a correlation length of &, > 1 pm. Therefore, we can
estimate the sphere diameter in this case to be around 1 pum, which is in good agreement
to the manufacturer’s specifications. Unfortunately the minima, which was observed for
this sample, does not allow a quantitative analysis according to equation 4.29.
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Figure 4.12.: The two graphs show the mean dark-field signal of SiO, microsphere
suspensions containing spheres with diameters of D = 0.513 pum (green solid curve),
D = 0.966 um (orange dotted curve) and D = 2.79 um (purple dashed curve). Graph
a) shows data for measurements obtained with samples placed between Gy and Gy, while
graph b) shows data obtained with the sample between G; and Gy. The curves are
axisymetric to the position of G;. While the dark-field signal of spheres with a diameter
of D =2.79 um continuously decreases when moving towards G, the other two samples
show a constant dark-field signal for certain correlation lengths. The sphere’s diameters
can be qualitatively determined based on this constant dark-field signal. In addition to
that, a minimum is observed for the spheres with a diameter of D = 0.966 ym.
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4.3.2. Measurements on dense monodisperse microsphere
suspensions

In order to understand the origin of this minima a second experiment was conducted. The
second experiment was conducted according to the same protocol of the first experiment.
But for this experiment, the spheres were allowed to settle on the bottom of the plastic
cuvettes. This resulted in a highly concentrated dense sphere suspension. The spheres
occupied a volume of approximately 0.5 ml in this case resulting in a St0Oy concentration
of 1 g/ml. The samples were positioned either between Gy and G, or between G; and
(G5. Dark-field images were acquired at several sample positions separated by 5 mm. The
average dark-field signal was calculated for a ROI covering the settled microspheres.

a) Correlation length &__[um] b)
0.0 0.5 1.0 1.5 2.0 25 25 2.0 1.5 1.0 0.5 0.0
PP O R T T N A
1&8 D=0966pymQ . | . | N - ,
0.9 % : 3 (@ eD=279um | 3 : 0.9
e S e e - |em» D=738um | 1

—
o
o

o
il
o
(o))
Dark-field signal

o
N

o
N

o
1)

o
3

Dark-field signal
o
(o))

o
~
o
~

o
w

o
w

0.2 0.2

184 166 148 130 112 0.94 091 0.73 055 0.37 0.19 0.00
Sample to G, distance dS’G2 [m]

Figure 4.13.: The two graphs show the mean dark-field signal of dense microsphere
suspensions acquired between Gy and Gy (graph a), or G; and G5 (graph b). The curves
of SiOy microspheres with diameters of D = 0.513 pum (green solid curve), D = 0.966 pum
(orange dotted curve) and D = 2.79 um (purple dashed curve) show a similar behavior.
In these three cases, the signal increases after having reached a minimum at different
correlation lengths.

Figure 4.13 shows the average dark-field signal of the four samples. Here, the dark-field

signal shows a similar behavior when comparing the data acquired for spheres with diam-
eters of 0.513 pum, 0.966 um and 2.79 um. Each curve reaches a minimum that is followed
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by a maximum for the 0.513 ym and 0.966 pum spheres. The data shows that the dark-
field signal of each sample reaches a minimum when the system’s correlation length &,
approaches the sphere’s radius of each sample. These findings are explained in a qualita-
tive manner due to the relation of the dark-field signal to the correlation function G(x).
Settled spheres form a random hexagonal lattice as it was already observed in SESANS
experiments |74, 77|. Therefore, the correlation function increases when the correlation
length approaches the sphere’s diameter. The dark-field signal therefore reaches a max-
imum when .- = D, which in this case corresponds to the nearest neighbor distance.
A graphical interpretation of the correlation function for this scenario is illustrated in
figure 4.14.

a) &corr=0 b) 0<€corr<D

~

c) Scorr=D

[ 1

Figure 4.14.: This figure gives a graphical interpretation of the correlation function of a
dense sphere suspension. In this case, we consider two pairs of spheres separated by &
One pair is shown by two black solid circles, while the other pair is shown by the orange
dashed circles. a) For £, = 0 the two pairs perfectly overlap and the shared volume
(green region), i.e. the correlation function, is at the maximum. b) When &, increases,
the shared volume decreases and so does the correlation function. ¢) However, as soon as
Ecorr approaches the sphere’s diameter D, the shared volume increases again because two
spheres are in perfect overlap again. This case shows that the nearest neighbor distance
corresponds to the correlation length for which the correlation function has a maximum.
For hard spheres this corresponds to the sphere’s diameter.

The observed minima appear at correlation lengths of approximately 0.25 pym for the
0.513 pm spheres, 0.5 pm for the 0.966 pm spheres and 1.4 pym for the 2.79 pm spheres.
The dark-field signal’s maxima appear at correlation lengths of approximately 0.5 pum for
the 0.513 pum spheres and 1 um for the 0.966 pm spheres, while no maximum is observed
for the 2.79 um spheres. Because the nearest neighbor distance observed for each sample

99



4. QUANTITATIVE X-RAY DARK-FIELD IMAGING

matches the sphere’s diameters, these observations are in very good agreement with the
specifications provided by the manufacturer. The dark-field curves of the spheres with
a diameter of D = 7.38 um show a continuous decrease since the relevant correlation
lengths are above the maximum correlation length of the interferometer.

The findings of this second experiment allow us to understand the result obtained in the
first experiment for the 0.966 p, which is shown in figure 4.12. The spheres were not
properly suspended in this case but had formed small clusters resulting in the observed
minimum.

Our results show that, besides the sphere’s form factor (see equation 4.7), the structure
factor defined in equation 4.8 also influences the dark-field signal. This structure factor
arises from a spatial correlation in the positioning of the scattering objects, i.e. when a
short- or long-range order of the microspheres exists in the sample. In contrast to that,
the results of the first experiment showed influence by the form factor (see equation 4.7)
of a single sphere only.

D [um] 0.513  0.966

Figure 4.15.: This figure shows three dark-field images a-c) that are registered to the
image acquired with the sample close to G5 shown in image d). After registration, the
sample appears with the same dimensions and it is located at the same position in each
image. This allows to analyze the dark-field signal of all images pixel-wise. Thus, the
correlation function G(x) can be fitted to each pixel according to equations 4.27 and 4.29.
The quantitative pixel-wise information can be transformed into a quantitative image.
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4.3.3. Quantitative dark-field imaging

Instead of calculating the mean dark-field signal for a large ROI, quantitative information
can also be used for quantitative imaging in the case of the 0.513 um spheres. This is
achieved by registering all dark-field images acquired at different positions dg¢, to the
dark-field image acquired closest to GG5. Image registration is only feasible for images
acquired between (G; and (G5 because the sample does not fit the field of view when it
is close to G due to large magnification. By registering all images to the one acquired
closest to G5, an extrapolation of the dark-field signal from one pixel to several pixels in
order to enlarge the image is avoided. Consequently, the dark-field signal of several pixels
of an image acquired at large magnification is averaged in order to shrink the image.
Figure 4.15 shows three dark-field images after being registered to the image acquired
with the sample closest to GG5. The registration was performed based on the attenuation
images and the obtained transformation matrix was applied to the dark-field images. A
screw therefore was placed next to the samples (see figure 4.9) in order to serve as a fix
point for registration.

Figure 4.16.: This figure shows a quantitative dark-field image as an overlay to the cor-
responding transmittance image. The fitting procedure was carried out for a ROI within
the suspension containing microspheres with a diameter of D = 0.513 pym. The fitted
average sphere radius is shown for each pixel within this ROIL. The pixel-wise quantitative
evaluation gives an average sphere radius of approximately 0.25 pum for each pixel indi-
cated by the blue color. This matches the manufacturers specifications giving a sphere
diameter of 0.513 pm.

After registration, the sample appears with the same dimensions and at the same position
in each image. Thus, the dark-field signal can be analyzed pixel-wise in order to obtain
a dark-field curve for each pixel, which is similar to the curve plotted in figure 4.10.
The dark-field curve of each pixel is then fitted according to equations 4.27 and 4.29 to
determine the average sphere radius in each pixel. This fitting procedure was carried out
for the suspension of microspheres with a diameter of 0.513 pum. The result is shown for
a ROI within the suspension in figure 4.16. The fitted average sphere radius is shown
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as an overlay to the transmittance image. An average sphere radius of approximately
0.25 um is obtained in each pixel indicated by the blue color of the ROI. This matches
the manufacturers specifications giving a sphere’s diameter of 0.513 pm.

4.4. Summary and discussion

Our results show how quantitative structural information, i.e. the form- and structure
factor of a microstructure, can be studied with a laboratory grating-based X-ray dark-
field imaging system. Besides the structure size, also short-range ordering of microscopic
features in large objects can be studied on a length scale of a few hundreds of nanometers
up to a few micrometers. Due to the cosine weighting of the scattered intensity, this infor-
mation is already obtained in real-space allowing for immediate qualitative interpretation
of the data. Measurements are possible either between Gy and G, or between GG; and G,.
Since the structural parameters can be extracted for each single pixel of the detector, the
data can easily be represented in a two-dimensional image. The possibility to combine
this technique with CT makes it a very interesting tool for microstructural studies on
large objects.

However, there are some limitations to this technique. As mentioned above, the highest
correlation length of the system is determined by the geometry of the interferometer and
the gratings specifications. Increasing the maximum correlation length is not easy since
the fractional Talbot distances and grating periods are closely connected to each other
as indicated by equations 2.17-2.22 in chapter 2. Using gratings with smaller periods
in order to decrease the fractional Talbot distances is one option. By correspondingly
increasing the total setup length, higher fractional Talbot orders could be exploited. Thus,
it is feasible to increase the maximum correlation length to 5 pm for an optimized setup,
taking into account the current limitations in grating production as well as a feasible setup
length of approximately 2 m. Furthermore, the effect of a polychromatic X-ray spectrum
for quantitative measurements has not been studied so far. Equation 4.27 represents
the case for monochromatic X-rays. However, our experimental results emphasize that
it is feasible to assume that measurements are performed at the mean energy of the X-
ray spectrum. Using this mean energy still provides quantitative results as shown by the
presented experimental results. Appendix A.2 gives a brief outlook into the polychromatic
extension of equation 4.27. In this case, the correlation function G(x) is multiplied by
an additional weighting term, which takes the energy dependence of the intensity I, and
amplitude a; into account. Consequently, the measured data is dominated by the energy
for which [, multiplied by a; reaches a maximum. If this corresponds to the design
energy of the interferometer, experimental results are obtained that allow quantitative
studies as presented. Of course, further experiments have to be carried out to study
polychromatic effects in more detail. While our first experiments took a few hours, we
were able to decrease the time of data acquisition down to 20 minutes for a full scan.
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Therefore the study of slow dynamic processes becomes feasible in the future. This opens
new possibilities for example the study of dynamics in colloid systems or materials such
as cement where slow changes on the micrometer length scale play an important role.
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5. Application of X-ray dark-field
Imaging in cement and concrete
research

In this chapter, the potential of X-ray dark-field imaging for its application in the research
of building materials such as cement, mortar and concrete is outlined. After an introduc-
tion to cement based materials, first results are presented on the scattering signal’s change
during the hydration of cement. We further study the influence of environmental param-
eters such as temperature on our experiments, as well as the influence of aggregates such
as limestone grains. Then, a method is presented that transforms the obtained tempo-
ral information into images. Regions of inhomogeneous cement hydration are spatially
localized based on the acquired images. We extend those methods from two dimensions
into three dimensions as the next step by performing a time-resolved tomography scan on
a cement sample containing limestone grains of different types. The obtained results are
explained in the scope of experiments on water transport in porous materials which are
summarized in the beginning of this chapter.

The presented results are published in the following articles, and parts of the following
text were adapted from these:

F. Prade et al. "Observing the setting and hardening of cementitious materials
by X-ray dark-field radiography". In: Cement and Concrete Research 74 (2015),
pp. 19-25. DOI: 10.1016/j.cemconres.2015.04.003

F. Prade et al. "Time-resolved X-ray dark-field tomography revealing water
transport in a fresh cement sample". In: Scientific Reports 6 (2016). DOL: 10.
1038/srep29108

F. Yang et al. "Dark-field X-ray imaging of unsaturated water transport in

porous materials". In: Applied Physics Letters 105.15, 154105 (2014). DOI: 10.1063/
1.4898783
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F. Yang et al. "X-ray dark-field contrast imaging of water transport during hy-
dration and drying of early age cement-based materials". In: In preparation
(2016)

S. Grumbein et al. "Hydrophobic Properties of Biofilm-Enriched Hybrid Mor-
tar". In: Advanced Materials 28.37 (2016), pp. 8138-8143. DOI: 10 . 1002/ adma .
201602123

5.1. Introduction to cement-based building materials

The following background information, as well as the general principles of cement-based
materials are described in more detail in references [82-84|. Portland cement is a promi-
nent building material used in civil engineering worldwide. It is the basic material for
many mortar- and concrete-mixtures which are widely used to construct buildings, bridges,
dams and other important infrastructural elements. Portland cement is a powdery ma-
terial with particle sizes of usually less than 100 pgm. Its major constituents are calcium
oxide (C'aO) and silicon dioxide (Si0,) with a mass ratio of typically CaO/SiOy > 2.
Furthermore, cement powder contains other oxides such as aluminum oxide, iron oxide
and magnesium oxide. Cement is referred to as a hydraulic material which sets and hard-
ens when mixed with a well-defined amount of water. We refer to a mixture of cement
powder with water as cement paste in the following text. After mixing, water reacts
with the solid cement particles resulting in a change of microstructure which solidifies the
cement paste. This process is outlined in more detail at a later point in this chapter to
provide a detailed understanding of the presented experimental results. By adding min-
eral aggregates to cement paste, mortar or concrete is produced. Mortar is obtained when
adding aggregates with a maximum grain size of 4 mm to cement paste, while concrete
is obtained when aggregates with larger grain size are added. Freshly prepared mixtures
are cast into a mold to form components of arbitrary shape. After setting and hardening,
the solidified cement paste serves as a stone like matrix that interconnects the aggregate
grains in order to form a solid material. Understanding the cement matrix’s microstruc-
tural evolution, which determines its setting and hardening characteristics, is crucial to
further improve the mechanical properties, durability and sustainability of cement-based
building materials.

X-ray microscopy techniques are successfully applied at synchrotron facilities to obtain
information on the microstructure of cementitious materials and its development during
setting and hardening. The importance of such microstructural studies is emphasized in
reference [85], which indicates that the microstructural morphology directly determines
the setting behavior of cementitious materials. In addition to that, the growth of a hy-
dration layer around single cement particles was visualized using soft X-ray attenuation
microscopy |39, 40|. However, X-ray microscopy techniques require a small sample size,
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or a special sample preparation in order to resolve microstructural features in cement
paste on a sub-micron to micron length scale. Hence, in-situ X-ray microscopy experi-
ments are very challenging.

More established methods such as ultrasound testing are used to study larger cement
volumes for their setting and hardening behavior [86-88]. Besides ultrasound testing,
other conventional quality control techniques exist like the Vicat-needle test (DIN EN
196-3), the slump test (DIN EN 12350-5), or compaction test (DIN EN 12350-4). Numer-
ous other techniques have been proposed which are partly summarized in reference [89].
New approaches are further described in reference [90]. Furthermore, the relation of the
degree of reaction to structural developments is discussed in reference [85] by comparing
several testing techniques such as ultrasound and shrinkage measurements. Structural in-
formation is also obtained from acoustic emission experiments |[91|. Here, the cavitation
of small bubbles forming in cement paste during setting is probed. While the mentioned
techniques allow for measurements on large sample volumes, their common drawback is
the missing of spatial information as they only provide information on the bulk material.

Throughout this chapter we outline the potential of grating-based X-ray dark-field imag-
ing to study the microstructure of large scale objects. Therefore, it is also an ideal tool
to study cement-based materials. Besides probing the microstructural evolution during
setting and hardening, it also provides spatial information on large samples in the range
of several centimeters. This brings the potential to localize regions of differing microstruc-
ture within the sample stemming from an inhomogeneous hydration or the use of additives
and aggregates.

Besides the importance of early age microstructural developments for the mechanical
properties of cement-based materials, microstructural features such as pores and cracks
also influence the durability of cement-based materials at later age. Water that pene-
trates the material through pores and cracks results in unwanted swelling or damage upon
freezing [92, 93|. Furthermore, the penetrating water carries ions, which cause cracking
due to salt crystal growth or corrosion of metal reinforcement structures embedded in
the concrete [94-96|. The capability of a material to adsorb water by capillary suction
is usually referred to as water sorptivity. Water sorptivity is usually measured gravi-
metrically providing precise information on the total mass of adsorbed water, while the
penetration depth of the water front is only approximated under error prone assumptions
[97, 98]. Methods providing spatially resolved water front measurements are magnetic
resonance imaging, neutron and X-ray radiography [99-101|. While magnetic resonance
and neutron imaging techniques provide good contrast between the water front and the
surrounding porous material, they both suffer from low spatial resolution when compared
to X-ray imaging. However, standard attenuation based X-ray imaging suffers from weak
X-ray attenuation in water when compared to cement or other building materials. This
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results in noisy water front profiles. Therefore, contrast agents are typically used to in-
crease X-ray attenuation in water [102, 103]. It is important to mention that contrast
agents alter the mechanical properties of water or chemically react with the porous ma-
trix. Therefore, pure water measurements are preferred for in-situ experiments. As pores
and cracks on the micrometer length scale result in X-ray scattering, grating-based X-ray
dark-field imaging has the potential to study water ingress in porous materials with im-
proved contrast as compared to attenuation based imaging.

In the following chapter we present experimental results which emphasize the potential of
grating-based X-ray dark-field imaging to probe microstructural changes in cement-based
materials, and to study water transport in porous materials.

5.2. Measurements on water transport in porous
materials with dark-field imaging

5.2.1. Materials and methods
Sample preparation

Two different materials were studied. First, we present measurements on mortar samples
which were treated at different temperatures before the experiment. The mortar samples
had a rectangular shape with dimensions of 10x20x2mm? in x-, y- and z-direction. A
detailed description of the sample preparation protocol and mix design is given in the
supplementary material of reference [33|. The samples were dried in an oven at 50°C for
48 h after mixing. One sample was further treated at 200°C for 1 h, while another sample
was further treated at 120°C for 3 h. The third sample was not treated any further.
We refer to those samples as Misy, Mooy and My. The index indicates the additional
temperature treatment of 120°C, 200°C and the untreated sample, respectively. After the
temperature treatment, a 0.07 mm thick polyimide film was pasted to each surface of the
sample except for the surface which was later submerged in water during the experiment.
This tape reduced water evaporation from the lateral surfaces during the experiment.

The second type of material was a mortar to which biofilm was added during mixing in
order to modify its water sorptivity. A detailed protocol of the sample preparation is given
in reference [81]. Samples were 10x40x5 mm? in x-, y- and z-direction, and they were also
wrapped in polyimide film prior the experiment. Furthermore, control mortar samples
were measured to compare the results obtained for biofilm-modified mortar samples to
those obtained for unmodified mortar samples.
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Experimental equipment and parameters

The measurements on temperature treated mortars were performed with the set of gratings
shown in table 3.1 in chapter 3. However, a different tube than described in chapter 3 was
used. It was a commercially available X-ray tube COMET XRS-160 (MXR-160HP/11),
manufactured by COMET AG in Switzerland, using a tungsten target and a focal spot
size of 1 mm in diameter. The X-ray tube was operated at an acceleration voltage of
60 kVp and a current of 30 mA. The detector used in this study was an older version
(Varian PaxScan®)2520D) of the one described in chapter 3, but it had the same physical
characteristics. It was operated at a framerate of 10 fps. 7 phase steps were acquired for
each reference and sample scan with an exposure time of 0.5 s per step.

The biofilm-modified mortar samples were measured using the experimental equipment
as described in chapter 3. Here, the tube was operated at 60 kVp and 100 W resulting in
a focal spot size of approximately 100 um. 7 phase steps were acquired for each reference
and sample scan with an exposure time of 1 s per step.

The samples were placed at a distance of ds, = 60 cm to the analyzer grating for both
experiments.

dS,G2

Figure 5.1.: This figure illustrates the general experimental setup to study water sorp-
tivity of porous materials by grating-based X-ray dark-field imaging. To determine a
material’s water sorptivity, samples (4 gray rectangular prisms) are mounted upside down
to a stage (black rectangular prism), and dark-field images are acquired after the sample’s
tips have been submerged in a water bath. The sample’s scattering signal changes due to
intrusion of water into pores.

Data acquisition, processing and analysis

A schematic illustration of the experimental setup is shown in figure 5.1. The samples
were attached to a sample stage in such a way that the surface which was not covered by
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the polyimide film faced downwards. A container with de-mineralized water was placed
under the samples in the field of view of the imaging system. Twenty reference scans were
acquired before the samples were submerged with their bottom surface into the water
bath as well as after the experiment.

For the temperature treated mortars, sample scans were then acquired continuously for
13 h. Within the first hour, images were acquired every 10 s while a delay of 120 s was
introduced before each acquisition for the remaining 12 h.

For the biofilm-modified mortars, sample scans were acquired continuously for 24 h.
Within the first hour, images were acquired every 10 s while a delay of 300 s was in-
troduced before each acquisition for the remaining 23 h.

Sample scans which were acquired during the first half of the experiments were processed
with an average of the twenty reference scans acquired before the measurement. Sample
scans which were acquired during the second half of the experiments were processed with
an average of the twenty reference scans acquired after the measurement. This procedure
assured a feasible time difference between sample and reference scan to provide artifact
free images.

5.2.2. Measurements on water transport in temperature treated
mortar samples

Mu Mi20 Moo My Mi20 Moo

AT d) 0.5h

Figure 5.2.: This figure depicts transmittance images of three temperature treated mor-
tar samples acquired 0.5 h (a), 6.4 h (b) and 13 h (c¢) after submerging the sample into
water. Images d-f) show the difference of each image with the image acquired at ¢ = 0 h.
Intrusion of water is not observed based on the presented images. The increasing contrast
of edges and pores in the difference images is related to a slight movement on the samples
during the measurement.
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Images a-c) in figure 5.2 show transmittance images of the three temperature treated
mortar samples My, Miso and Myg. Image a) was acquired 0.5 h after the mortar
samples were submerged into the water bath, while images b) and ¢) were acquired after
6.4 h and 13 h, respectively. The mortar samples have similar transmittance values and
morphology since they were prepared according to the same mixing protocol. Different
temperature treatment does not affect the transmittance images. Furthermore, no change
is observed in images acquired at different points in time. Intrusion of water into the
mortar samples therefore is not observable based on transmittance images acquired under
the given experimental conditions. In order to further emphasize this finding, images
d-f) in figure 5.2 show the difference between images a-c) and the transmittance image
acquired at 0 h, i.e. immediately after submerging the sample into water. Here, a slight
contrast variation is observed in images acquired at different points in time. Especially
the sample’s edges and large pores appear with a strong contrast in image e) and f).
This is probably related to experimental conditions such as an unstable sample mounting
and the focal spot stability of the X-ray tube. No additional signal increase stemming
from the intrusion of water is observed. Images a-c) in figure 5.3 show dark-field images
of three temperature treated mortar samples My, Miog and Mygy corresponding to the
transmittance images shown in figure 5.2. Sample Msgo appears brighter in image a) when
compared to samples My and Myyy. This decreased dark-field signal indicates stronger
scattering as compared to the other samples. This could be related to the different
temperature treatment protocols applied to the three samples.

Figure 5.3.: This figure depicts dark-field images of three temperature treated mortar
samples acquired 0.5 h (a), 6.4 h (b) and 13 h (c¢) after submerging the sample into water.
Images d), e) and f) show the difference of images a-c) and the dark-field image acquired
at t = 0 h. The water front penetrating the samples is shown in the dark-field images a-c)
as a dark region, i.e. reduced scattering, at the bottom of each sample. This is even more
pronounced in the difference images d-f). Sample Mg has the strongest sorptivity when
compared to the samples M99 and M. Here, the dark region corresponding to reduced
scattering grows faster as compared to the other samples.
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In addition, a dark region shows up in image a) at the bottom of sample My indicating
that scattering is reduced in this area. Samples My and Mjsy do not show any regions
of reduced scattering in image a) except for some large pores. This region of reduced
scattering in sample Mgy grows towards the sample’s top with time in images b) and
c¢). This observation indicates the intrusion of water into the sample due to capillary
forces. Furthermore, similar regions are observed for samples My and Mo after 6.4 h.
These regions of reduced scattering have reached different heights in all three samples
after 13 h. This indicates that temperature treatment influences the water sorptivity of
mortar. These findings are further emphasized by images d-f) in figure 5.3, which show
the difference of images a-c) with the dark-field image acquired at 0 h, i.e. immediately
after submerging the samples into water. Here, the contrast between wet and dry regions
is enhanced. This allows to determine the movement of the waterfront penetrating the
sample, and to spatially analyze its vertical position by a simple threshold-based seg-
mentation of wet and dry mortar. This procedure is further explained and supported by
computational results in reference [33].

Due to improved contrast between wet and dry regions within mortar samples provided
by dark-field images, we restrict the following consideration to dark-field images only.

5.2.3. Measurements on water transport in biofilm-modified
mortar samples

Figure 5.4 shows dark-field images of two biofilm-modified mortar samples and two un-
modified mortar samples acquired 2 min. (a), 10 min. (b) and 50 min. (c) after submerg-
ing the samples into water. A region of reduced scattering is observed after 2 min. in the
unmodified samples. Over time, the dark region rises towards the top in both unmodified
mortar samples. In contrast to that, the biofilm-modified mortar samples do not show any
change within 50 min., and also during the remaining 23 h of the experiment no change
was observed. This is further emphasized by images d-f) in figure 5.4, which show the
difference of images a-c) and the dark-field image acquired immediately after submerging
the samples into water. While the growing regions of reduced scattering in the control
mortar samples appear at higher contrast compared to images a-c), no change is observed
in the biofilm-modified mortar samples.

5.2.4. Discussion

Mortars, in general, have an open pore system with pore sizes in the sub-micrometer to
millimeter length scale. Mortar adsorbs water due to capillary forces caused by its pore
system. Once submerged in water, the mortar samples therefore take up water. Because
of the large difference in electron density between air-filled pores and the solid mortar
material, the pores scatter X-rays creating a strong signal in dark-field images. As water
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permeates the pores, the mortar’s scattering strength is reduced because the difference
in electron density is reduced. This explains the dark regions of reduced scattering rising
from bottom to top in the temperature treated mortar samples and the unmodified mortar
samples.

B Unmodified
mortar

Figure 5.4.: This figure depicts dark-field images of two unmodified and two biofilm-
modified mortar samples acquired 2 min. (a), 10 min. (b) and 50 min. (c) after sub-
merging the sample into water. Images d-f) show the difference of images a-c) and the
dark-field image acquired at ¢t = 0 h. While water penetrates the unmodified mortar
samples, the biofilm-modified mortar samples do not show any signs of water intrusion.
The decreasing scattering signal due to water intrusion into the unmodified samples is
even more pronounced in the difference images.

Temperature treatment of mortars is known to induce micro-cracking and of course de-
hydration. Therefore, the three mortar samples My, Mg and My are expected to
show different sorptivity properties due to different treatment protocols. The amount
of micro-cracks induced in mortar increases with increasing treatment temperature. As
these cracks contribute to water sorptivity due to capillary forces, water penetrates the
samples faster the higher the treatment temperature. Consequently, sample M9y adsorbs
water faster when compared to sample M. This is illustrated by the water front, which
reaches different heights in the three samples during the same time period. The contribu-
tion of water to the sample’s X-ray attenuation is very small when compared to the solid
mortar material. Therefore, water intrusions is not observed in the transmittance images
in figure 5.2.

Water intrusion has unwanted effects in mortar materials such as damage upon freezing
[93]. Creating a hydrophobic surface on the open pore system of mortar materials is one
option to reduce water sorptivity of mortars [81]. Our measurements on biofilm-modified
mortar samples emphasize this effect. As biofilm is added to the mortar during mixing, it
creates a hydrophobic surface which counteracts the capillary forces, and therefore reduces
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water intrusion. Therefore, dark-field images of the biofilm-modified samples remain un-
changed. In contrast to that, the unmodified mortar samples show water adsorption as is
typical for mortar.

The presented results emphasize that grating-based X-ray dark-field imaging is capable to
study water transport in porous materials. Compared to attenuation-based X-ray imaging
methods, the intrusion of water into pores on the micrometer length scale generates a
strong change of the dark-field signal. Dark-field measurements therefore do not require
any contrast agents. This is beneficial for in-situ experiments.

5.3. Time evolution of the dark-field signal of fresh
cement paste

In this section, we present measurements on fresh cement paste and the evolution of its
scattering signal within the first 2 days after sample preparation.

5.3.1. Materials and methods

Sample preparation

Table 5.1.: Chemical composition of the Portland cement CEM T 42.5 R used in this
work in percent by weight. The data was originally published in reference [104].

Compound Si0y  AlsO3 FexO3  FeO  CaO  MgO
Mass fraction [% by weight|  20.9 4.0 2.5 na. 639 14
Compound TiOy  SOs KO NayO HyO
Mass fraction [% by weight] 0.2 3.2 1.6 0.3 2.3

In this study a commercially available rapid curing Portland cement (CEM T 42.5 R)
was used. The particle size distribution of this cement is shown in figure 5.5, while its
chemical composition is presented in table 5.1. 3.9 g of distilled and deionized water were
manually mixed with 12.5 g of cement powder for one minute at room temperature. The
resulting water to cement mass-ratio (w/c-ratio) was w/c = 0.312. After mixing, the
fresh cement paste was filled into the chambers of the sample holder shown in figure 5.6.
The sample holder was made of plastic containing four sample chambers and a plastic
lid. The dimensions of each sample chamber were 50x10x5 mm? in y-, x- and z-direction.
A proper sealing of the chambers was ensured by pasting double-sided adhesive tape on
the plastic bars separating the chambers. After filling, the open side of the sample holder
was covered with the plastic lid, which was fixed to the sample holder with four screws.
Finally, the opening at the top of the sample holder was sealed with grease in order to
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prevent water evaporation from the cement-air interface during the measurements. The
sample was placed between the phase and analyzer grating at a distance of dg ¢, = 61 cm
to the analyzer grating. A photograph of the sample holder, the plastic lid and some
cement samples is show in appendix B in figure B.2.
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Figure 5.5.: This figure shows the particle size distribution of the Portland cement CEM I
42.5 R used for this study. Particles are smaller than 100 gm. The largest volume fraction
has a diameter of 20 pum (see the curve’s maximum). Therefore, fresh cement paste is
expected to give a strong scattering signal in grating-based X-ray dark-field imaging.

Experimental equipment and parameters

The experiments were carried out with the set of gratings given in table 3.1 in chapter 3. A
commercially available X-ray tube COMET XRS-160 (MXR-160HP/11), manufactured
by COMET AG, Switzerland, was used in this study. It uses a tungsten target and
a focal spot size of 0.4 mm. The X-ray tube was operated at an acceleration voltage
of 60 kVp and a current of 13.3 mA. The detector used in this study, was a Varian
PaxScan ®?2520D. It is an old version of the one described in chapter 3, but it has the
same physical characteristics. It was operated at a framerate of 10 fps.

Data acquisition, processing and analysis

Reference scans and sample scans were acquired for 48 h after sample preparation. Each
scan consisted of seven equidistant phase steps with an exposure time of 10 s per step.
Dark-field and transmittance images were obtained by processing each sample scan with
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Figure 5.6.: This figure illustrates experimental setup for time-resolved dark-field radio-
graphy on fresh cement paste. The sample holder contains four chambers with dimensions
of 10, 5 and 50 mm in x-, z- and y-direction. The fresh cement paste is filled into these
chambers and sealed with grease at the top to reduce water evaporation. The open side
is covered by a plastic lid during the experiments. It is screwed to the sample holder after
the samples have been filled into the chambers. To monitor the progress of hydration in
the cement paste, images are acquired for two days after sample preparation.

the previously recorded reference scan. For a quantitative signal analysis of the trans-
mittance and dark-field images, a transmittance threshold segmentation was performed
to separate cement from large air voids embedded in the samples. A binary mask was
calculated based on the transmittance images, which labeled the cement material and air
voids with 0 and 1, respectively. The histogram of transmittance values was fitted by
a Gaussian function to obtain the cement’s mean transmittance value and its standard
deviation. Every pixel with a transmittance value within a two-sigma interval around the
cement’s mean transmittance value was labeled as cement. A mean transmittance and
dark-field signal of a ROI covering the whole sample was calculated based on this mask.
We only considered pixels which were labeled as cement in the binary mask. Finally, the
negative logarithm of the mean transmittance and dark-field signal was calculated and
divided by the sample thickness to obtain the linear attenuation coefficient x and the
scattering coefficient €. The measurement was repeated three times, and the results were
averaged to validate the experiment’s reproducibility.

5.3.2. Experimental results

Figure 5.7 shows transmittance images of one exemplary measurement. The sample’s
transmittance signal does not change during the first 30 h after mixing the cement powder
with water. Some large voids are embedded in the cement sample indicated by dark
regions. The fact that the transmittance does not change is further illustrated in figure 5.9.
The mean attenuation coefficient p for each sample was calculated based on the ROI
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marked by the orange rectangles in figure 5.7. It was calculated according to the procedure
outlined in the previous materials and methods section.

T|me [h]

Figure 5.7.: This figure illustrates transmittance images of an exemplary fresh cement
paste sample for the first 30 h after sample preparation. The cement’s transmittance
does not change indicating that its attenuation properties remain constant. The colored
rectangles mark the ROI used to calculate the average attenuation signal, which is plotted
in figure 5.9.

1cm

The resulting attenuation coefficients of the three experiments were then averaged, and
the standard deviation was calculated. Figure 5.9 shows the mean attenuation coefficient
plotted against time. It is represented by the dotted orange curve, while its standard
deviation is shown by the brown error band. The curve remains constant within a time
period of 48 h. This progression agrees with the images presented in figure 5.7.

Figure 5.8.: This figure illustrates dark-field images of an exemplary fresh cement paste
sample for the first 30 h after sample preparation. The cement’s dark-field signal strongly
changes 5 h after preparation. As the sample appears darker with increasing time, its
scattering strength decreases. The colored rectangles mark the ROI used to calculate the
average scattering signal, which is plotted in figure 5.9.
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Figure 5.8 shows dark-field images corresponding to the transmittance images in figure 5.7.
In contrast to the transmittance signal, the dark-field signal of the cement sample strongly
increases 5 h after sample preparation. Therefore, the cement appears darker with in-
creasing time. This signal change is further emphasized by figure 5.9 which shows the
mean scattering coefficient of three measurements (green dashed curve). The mean scat-
tering coefficient of each sample was calculated based on the ROI marked by the green
rectangles in figure 5.8.
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Figure 5.9.: This graph shows the time evolution of the attenuation and scattering
coefficient of fresh cement paste for 48 h after sample preparation. The green dashed curve
represents the scattering coefficient. It was averaged over three single measurements with
the same type of cement prepared according to the same protocol. The orange dotted
curve represents the corresponding attenuation coefficient. The error bands represent the
standard deviation of the three single measurements. While the attenuation coefficient of
cement paste does not change during the experiment, the scattering coefficient strongly
decreases after 5 h and follows a logistic shape. Additionally, a logistic fit was therefore
performed on the scattering coefficient according to equation 5.1. It is represented by the
pink curve.

After 5 h, the mean scattering coefficient of cement strongly decreases, and it levels out
after 20 h at a value of approximately ¢ = 1.4 cm~!. Its shape resembles a logistic curve
as given by equation 5.1.
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The scattering coefficient starts at an initial value of £y and reaches a constant level of e,
for t — co. The difference €y — e gives the total decrease in scattering and is therefore
referred to as the amplitude A. While the parameter ¢, /, resembles the time after which
the signal has decreased by half of the amplitude, the parameter g is proportional to the
curve’s maximum gradient at this point. We will therefore refer to the parameter g as the
maximum gradient of the logistic function. A fit to the scattering coefficient according to
such a logistic function is shown by the pink curve in figure 5.9. This logistic fit follows the
progress of the scattering coefficient nicely within the shown error bands. This emphasizes
that the evolution of the scattering signal of cement paste follows a logistic model.

e(t) = e + (5.1)

5.3.3. Discussion

Before putting the presented results into context with setting and hardening processes
of cement, we briefly describe the microstructural evolution in fresh cement paste. More
details on these processes are given by references [82-84].

Cement hydration

The reactions of cement powder with water are usually divided into four stages. First,
highly soluble constituents of the cement particles dissolve in water immediately after
mixing. This process lasts for less than a minute. The dissolved material forms first
hydration products which settle on the surface of the cement particles. This layer creates
a barrier between the cement particles and the free water preventing any further reaction
during the next few hours. This second period of low reactivity is called induction period.
During the third period, the rapid reaction period, cement particles further dissolve and
react with free water forming hydration products, which nucleate and grow as a layer
around the cement particles. The most important compounds created during this period
are tri- and dicalcium silicates, which are hydrated by water and form a gel phase of
calcium silicate hydrate and calcium hydroxide crystals. The reaction rate reaches a max-
imum between 10 — 20 h after mixing. As the hydration layer grows around the cement
particles, it limits the diffusive transport of dissolved material into the space occupied
by free water. This initiates the diffusion-limited reaction period during which reactions
decelerate. Hydration of the remaining cement particle cores further continues over sev-
eral weeks, while morphological changes of cement paste are only taking place on the
nanometer length scale. A schematic representation of cement paste’s microstructure for
different points in time is shown in figure 5.10.
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Figure 5.10.: This figure shows a schematic illustration of the microstructural evolution
in cement paste. a) After mixing, the cement particles are suspended in water. During
the induction period reactivity is low. It lasts for approximately 5 h after mixing. b)
Approximately 10 h after mixing, the reaction rates increase, and a layer of hydration
products grows around the particles. This rapid reaction period approximately lasts 10 h.
¢) When the hydration layer reaches a certain thickness, it limits the diffusive transport
of dissolved material. Therefore, reactions are decelerated in the diffusion limited period.

As the hydration layer grows, primarily in form of calcium silicate hydrates, it intercon-
nects the solid cement particles and therefore results in setting and hardening of cement
paste. Pores, previously saturated with water are now filled with hydration products.
Looking at a length scale of several micrometers, cement therefore appears more homoge-
nous after hydration.

Interpretation of the experimental results

Based on this basic knowledge about the hydration reactions in cement paste, we now
move on to interpret our experimental results. X-ray attenuation depends on the X-ray
energy and the atomic elements present in the sample. The exact chemical composition
plays a minor role and is only observable in experiments looking at the fine structure
of X-ray absorption spectra [43]. Reactions taking place within cement paste result in
morphological changes on the sub-micron to micrometer length scale. Because the spatial
resolution of our imaging system is about 100 um, it does not allow to spatially resolve
these microstructural changes. Therefore, these reactions do not influence the attenuation
signal of cement paste.

In contrast to that, the dark-field signal is based on X-ray scattering and therefore is
sensitive to deviations of the electron density on a length scale which is smaller than the
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spatial resolution of the imaging system. Initially, fresh cement paste is a suspension
of solid cement particles in water. As particle sizes are usually well below 100 pm (see
figure 5.5), a strong scattering signal is observed for cement because of the electron den-
sity difference between the solid particles and free water. During hydration, the particles
dissolve and therefore shrink, which results in a decrease of the scattering signal. Fur-
thermore, the electron density difference between cement particles and their surrounding
decreases as a result of the hydration layer which grows around the cement particles. This
reduction in scattering contrast results in a further decrease of the scattering signal. The
presented data clearly shows that morphological changes within the induction period are
small during the first hours, and scattering is therefore almost constant during this period.
The microstructure of cement then changes rapidly during the rapid reaction period, and
scattering consequently decreases as the cement becomes more and more homogenous.
Finally, the reduction of scattering slows down as microstructural changes decelerate in
the diffusion-limited reaction period.

The temporal agreement of the scattering signal’s evolution and the four reaction periods
is further supported by the evolution of the speed of sound within fresh cement paste,
which progresses similar to the scattering signal as it follows a logistic shape. A compar-
ison of ultra-sound and scattering data is presented in reference [78|. The logistic fit was
inspired by the application of logistic functions to ultrasound data presented in reference
[87].

The logistic function’s parameters are related to physical quantities describing the state
of reaction at each point in time. The initial particle size distribution, chemical composi-
tion, w/c-ratio and the size distribution of embedded pores determines the parameter &g.
The parameters g and ¢/, provide information on reaction rates within the cement paste.
Finally, e, and the amplitude of the scattering coefficient’s logistic decline are related to
the degree of hydration. This parameter describes how much free water is consumed by
hydration products at each point in time. However, quantification of these parameters is
not straight forward. Cement is a complex material, and different chemical phases con-
tribute to the scattering. Therefore, much more experimental work is necessary to study
the contribution of each quantity to the scattering signal.

Our results show that qualitative information on the dynamics of cement hydration are

provided by grating-based X-ray dark-field imaging. Furthermore, the data is spatially
resolved which has some advantages when compared to standard testing techniques.
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5.4. Influence of temperature on the dark-field signal
of fresh cement paste

Chemical reactions taking place during cement hydration are influenced by environmental
parameters such as the temperature. In the following we present experimental results
emphasizing that this temperature dependence can be studied by grating-based X-ray
dark-field imaging.

5.4.1. Materials and methods
Sample preparation

The same type of cement as outlined in the previous section was used for this experiment,
and samples were prepared accordingly. A Peltier-element heated one chamber of the
sample holder above room temperature, while one chamber was cooled below room tem-
perature. Therefore, aluminum parts were attached to both sides of the Peltier-element
and inserted into two chambers. The chamber in between remained at room temperature.
The sample holder was placed at a distance of dg ¢, = 70 cm from the analyzer grating.

Experimental equipment and parameters

The experiments were carried out with the same equipment and parameters that were
already used in the previous experiment.

Data acquisition, processing and analysis

Data was acquired, processed and analyzed as described for the previous experiment.
However, due to the temperature gradient in each sample, four different ROIs were used
for quantitative signal analysis covering the sample from top to bottom.

5.4.2. Experimental results

Figure 5.11 shows dark-field images acquired 0.5 h (a) and 10 h (b) after mixing. The fresh
cement paste samples were cooled (left), heated (right) or remained at room temperature
(middle) during the experiment. The black rectangles shown at the top of the cooled and
heated sample are part of the temperature controlling device. While all three samples
initially show a homogenous dark-field signal in image a), a gradient is observed in the
heated and cooled samples 10 h after preparation. The sample which remained at room
temperature still shows a homogenous dark-field signal after 10 h. The cooled sample
appears brighter at the top in image b), while its bottom is darker. This indicates that
scattering is higher at the top of the cooled sample as compared to the bottom after 10 h.
This observation is inverted for the heated sample. Here, the sample is darker at the top,
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while its bottom appears brighter meaning that scattering in this case is lower at the top
as compared to the bottom. This finding is further emphasized by the curves presented
in figure 5.12. It shows the scattering coefficients which were averaged over the ROIs
marked by the colored rectangles shown in figure 5.11. The evolution of the scattering
coefficients of each ROI agrees well with the observations in the dark-field images. While
the scattering coefficient decreases slowly in the top ROI of the cooled sample (see the
green curve in graph b)), it decreases faster for the lower ROIs. In contrast to that,
the four ROIs of the untreated sample do not deviate from each other as the scattering
coefficient displays the same progression for each ROI. In the case of the heated sample,
the top ROI’s scattering signal decreases faster as compared to the lower ROIs.

Cooled Cooled

Figure 5.11.: This figure depicts dark-field images of three cement samples acquired
0.5 h and 10 h after sample preparation. The sample on the left was cooled, while the
sample on the right was heated during the experiment. The middle sample remained at
room temperature. A Peltier-element was used for heating and cooling. The aluminum
parts attached to the Peltier-element correspond to the black rectangular features at the
top of the heated and cooled sample. A gradient in the dark-field signal is observed after
10 h in the heated and cooled sample. It runs from top to bottom in each sample, while
it is inverted for the heated and cooled sample. The colored rectangles mark ROIs over
which the average scattering coefficient was calculated. The resulting graphs are shown
in figure 5.12.

5.4.3. Discussion

The hydration reactions in fresh cement paste are always influenced by environmental
conditions such as the temperature. As chemical reactions are slowed down at lower tem-
peratures, microstructural changes within the cement paste are decelerated accordingly.
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Therefore, the scattering coefficient at the top of the cooled sample decreases slower as
compared to the other ROIs. In contrast to that, higher temperatures speed up hydra-
tion reactions, and microstructural changes are accelerated accordingly. Therefore, the
scattering coefficient in the top ROI of the heated sample decreases much faster as com-
pared to the other ROIs. Our results are in good agreement with expectations based on
those thermodynamic considerations. Furthermore, this experiment emphasizes that local
variations of the hydration dynamics and inhomogeneities in fresh cement paste can be
spatially resolved by grating-based X-ray dark-field imaging.
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Figure 5.12.: The three graphs show the averaged scattering coefficient of the four ROIs
marked in figure 5.11 for the cooled (a), untreated (b) and heated sample (c). All ROIs
show a similar decrease of the scattering coefficient for the untreated sample. In contrast
to that, the top ROI of the cooled sample (green solid curve) shows a much slower decrease
as compared to the other ROIs. The heated sample shows the opposite behavior. The
scattering coefficient of the ROT at the top (green solid curve) decreases faster as compared
to the other three ROIs.
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5.5. Influence of limestone grains on the dark-field
signal of fresh cement paste

Cement-based building materials usually include additives such as mineral aggregates.
The next experimental results illustrate the influence of such aggregates on the dark-field
signal of fresh cement paste.

5.5.1. Materials and methods
Sample preparation

The samples were prepared according to the protocol used in the two previous experiments.
Additionally, single limestone grains of three different types (labeled as K1, K2 and K3 in
the following) were embedded in the fresh cement paste. One measurement was performed
to compare the limestone types K1 and K3. Here, the samples were placed between the
phase and analyzer grating at distance ds g, = 61 ¢cm to the analyzer grating. A second
measurement was conducted to compare the limestone types K1 and K2. Here, the
samples were placed between the phase and analyzer grating at distance dgg, = 75 cm
to the analyzer grating.

Experimental equipment and parameters

The experiments were carried out with the same equipment and parameters used in the
previous two experiments.

Data acquisition, processing and analysis

Data was acquired, processed and analysis as described above. For each sample two ROIs
were used for quantitative signal analysis. One ROI covered the cement paste, while the
other ROI covered a limestone grain. Furthermore, we carried out a pixel wise analysis
based on a logistic fit of the scattering signal’s evolution. This procedure is described in
more detail in the following text.

5.5.2. Experimental results

Figure 5.13 shows the results obtained when adding limestone grains of two different
types (K1 and K3) to fresh cement paste. The two images show the dark-field signal of
two cement samples 0.5 h and 33 h after sample preparation. The limestone grains are
observed as dark regions within the cement paste 0.5 h after preparation indicating that
scattering is reduced by the limestone grains. After 33 h, however, the limestone grain
of type K1 displays a change in contrast as it appears brighter than the cement paste.
The contrast of limestone grains of type K3 and the cement paste remains unchanged
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after 33 h. This finding is supported by the graphs at the bottom of figure 5.13. They
were obtained by averaging the scattering coefficient over the ROIs marked by the colored
rectangles in the dark-field images. The scattering coefficient of the cement paste follows
a logistic decline in both samples (see dashed curves). The ROI covering the limestone
grain of type K3 shows a similar logistic decline as shown by the solid curve in graph b).
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Figure 5.13.: This figure illustrates the influence of limestone grains on the scattering
signal of fresh cement paste. The dark-field images at the top show two cement samples
containing limestone grains of type K1 in images a) and c), and of type K3 in images b)
and d). Images a) and b) were acquired 0.5 h while images ¢) and d) 33 h after sample
preparation. The contrast between the limestone grain of type K1 and the cement paste
is inverted after 33 h. On the bottom, the scattering coefficients of the marked ROIs for
the sample containing the limestone grain of type K1 are shown in graph i) and type K3
in graph ii). A step is observed at 7-9 h in the curve of the limestone grain of type K1
(orange solid curve in graph i), while the curves of the cement paste and limestone grain
of type K3 follow a logistic shape.

However, the scattering coefficient is strongly reduced as compared to the pure cement
paste. In contrast to that, the ROI covering the K1 limestone grain shows a deformation
in its logistic decline as shown by the solid curve in graph a). Here, a step is observed at
7—9 h before the curves of the cement paste and the grain intersect. This crossing agrees
with the change in contrast observed in the dark-field images of the limestone grain of
type K1.
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Pixel wise fitting of scattering curves

To further study this behavior in more detail, we developed a pixel-wise fitting proce-
dure to improve the visualization of the observed effect. This procedure is illustrated
in figure 5.14. The scattering coefficient is calculated in each pixel and each dark-field
image acquired during the experiment. Thus, the scattering coefficient’s time evolution is
obtained for each pixel, and a logistic fit according to equation 5.1 can be performed on
this data. As a result, four fitting parameters g, €, t1/2 and g are obtained in each pixel.
Images are created based on the fitting parameters providing complementary information.
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Figure 5.14.: This figure illustrates how each pixel of a time series of dark-field images
is fitted by a logistic function. A time series of dark-field images of fresh cement paste is
shown on the left side of this figure. The red dot indicates how the scattering coefficient’s
time evolution is evaluated in each pixel to obtain a logistic fit as shown on the right hand
side of this figure. The fitting parameters €g, €, t1/2 and g, which are obtained for each
pixel are used to create further images.

Figure 5.15 shows the images obtained by the described pixel-wise fitting procedure based
on the data presented in figure 5.13. In addition to the four fitting parameters we calcu-
lated images for the logistic curve’s amplitude A = ¢y — e, and the normalized amplitude
Aporm. = A/eg. The resulting images allow a clear distinction between the limestone grain
of type K1 and K3. The image representations of parameters ¢y and €., resemble the
dark-field images shown in figure 5.13 because they represent the initial and final scat-
tering coefficient of the sample. The amplitude images show that scattering coefficients
decrease less in the vicinity of the limestone grains. However, this corresponds to the
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initial reduction of the scattering coefficient for grain of type K3. Therefore, this grain
is not observed in the image representing the normalized amplitude. In contrast to that,
the grain of type K1 is observed in the normalized amplitude image. This means that
for grains of type K3 the decrease in scattering is proportional to the initial scattering
coefficients. For grains of type K1 this proportionality is broken. Furthermore, the grain
of type K1 is also observable in the image representation of parameters g and ¢, /o, while
the K3 grain is not observed in both images.

coo[cm™]  Alcm™] . _ t1/2 [h]

Figure 5.15.: This figure shows images obtained when fitting each pixel of a dark-field
image series with a logistic curve as illustrated in figure 5.14. Each sample consisted
of fresh cement paste and one limestone grain of type K1 (upper image row) or K3
(lower image row). While the grain of type K3 vanishes in the images representing the
normalized amplitude Aoy, the maximum gradient g and the half-life ¢, 5, the limestone
grain of type K1 remains visible for all three fitting parameter images. This indicates a
reaction induced by limestone grains of type K1 which alters the logistic evolution of the
scattering coefficient of fresh cement paste.

Figure 5.16 shows the images obtained by applying the described pixel-wise fitting pro-
cedure to a second measurement. Here, two grains of type K1 were compared to another
limestone grain of type K2. The fitting parameter images of the grains K1—1 and K1—2
show similar results as already observed for the grain of type K1 in figure 5.15. The grains
K1—1 and K1—2 are observed for each fitting parameter image. In contrast to that, the
grain of type K2 has similar characteristics as the K3 grain shown in figure 5.15. While
it is observed in the image representations of the parameters g, e, and A, it vanishes in
the image representations of the parameters of A, o, g and t; 5.

5.5.3. Discussion

Our results show that limestone grains of different types have different impacts on the
dark-field signal of fresh cement paste during setting and hardening. All grains decrease
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Figure 5.16.: This figure depicts fitting parameter images of three limestone grains
embedded in fresh cement paste. While the grain of type K2 vanishes in the images
representing the normalized amplitude A,,.,, the maximum gradient g and the half-life
t1/2, the two limestone grains of type K1 (i.e. K1 —1 and K1 —2) are visible in all fitting
parameter images. This indicates a reaction induced by limestone grains of type K1 that
alters the logistic evolution of the scattering coefficient of fresh cement paste. This is in
good agreement with the findings of the experiment presented in figure 5.15.

the initial scattering strength of the sample in the vicinity of the grains. The grains
replace cement paste, and less scattering occurs because they are more homogenous on
the micrometer length scale as compared to cement paste. The experiments revealed that
grains of type K2 and K3 disappear in the image representation of parameters A,omm.,
g and t1/5. These grains only replace cement paste and do not influence the hydration
reactions. Therefore, they have no influence on the shape of the logistic curve. Except
for an overall decrease in scattering. In contrast to that, we observed a deformation of
the logistic curve for grains of type K1. This indicates that type K1 limestone grains
influence the microstructural development in cement paste altering the shape of the logistic
curve. As a result, grains of type K1 are visible in the image representation of parameters
Aporm., g and t1/5. These grains reduce the normalized amplitude. Correspondingly, they
reduce the half-time ¢,/5. The data shown figure 5.16 also suggests that grains of type
K1 speeds up the reactions in cement paste as the parameter ¢ is increased around these
grains. However, the data shown in figure 5.15 shows the opposite as the parameter g
is lower around the K1 grain. These opposite observations are probably related to the
fact that the two experiments were carried out with different distances dgq,. To test the
influence of sensitivity on the measurements the sample was placed further away from
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the analyzer grating in the second measurement. Thus, these opposite observations for
the maximum gradient g of type K1 grains might be related to microstructural effects
varying on different length scales. Another possible reason are morphological or chemical
differences between different grains of type K1. Nevertheless, the distinction between
grains of type K1 and the other two types of limestone is unambiguous based on the
data shown in figure 5.15 and 5.16. However, the question whether the observed effects
originate from reactions within the cement paste or within the grains themselves remains.
This is due to the two dimensionality of the presented dark-field images. To answer this
question, we performed a time-resolved tomography experiment providing us with insight
into the third dimension.

5.6. Time-resolved dark-field tomography on fresh
cement paste containing limestone grains

5.6.1. Materials and methods
Sample preparation

The cement paste was prepared according to the same protocol mentioned for the previous
experiments. The same type of cement (CEM I 42.5 R) was used, however, this time a
water to cement ratio of w/c = 0.4 was used. Two grains of each type of limestone K1, K2
and K3 were chosen. These grains were separately mixed with the cement paste, and the
two grains of each type were separately placed into two plastic tubes together with some
fresh cement paste. The plastic tubes had an outer diameter of 1 cm and an inner diameter
of 0.6 cm. After filling, each tube contained one limestone grain of each type embedded
in fresh cement paste. The tubes were stacked on top of each other with their opening
facing each other, and they were fixed together with a few windings of adhesive tape.
The sample was mounted onto a tomographic stage and the measurement was started
approximately 15 min. after mixing of cement powder with water. A schematic illustration
of the experimental setup is shown in figure 5.17. After the tomography experiment, a
thin section through the center of the sample was prepared for further polarized light
and scanning electron microscopy (PLM and SEM, respectively) experiments. The thin
section had a thickness of 20 ym and it was further vacuum impregnated in a fluorescent
resin.

Experimental equipment and parameters

The tomographic study was performed with the set of gratings described in table 3.1 in
chapter 3 and the experimental components described in chapter 3. The X-ray tube was
operated at 60 kVp with a target power of 70 W resulting in a focal spot of smaller than
100 pm [58]. In the central region of the field of view, a mean visibility of 22.5% was
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obtained before the measurement. The sample was placed between phase and analyzer
grating at distance dgq, = 50.5 cm from the analyzer grating. Hence, an effective pixel
size of 93 pm was achieved.

The PLM images of the sample’s thin section were acquired with an Olympus BX 61 light
microscope using a crossed polarizer setup.

In order to reduce the surface charging of the sample’s thin section during SEM mea-
surements, it was sputtered with carbon prior to the experiment. We used a JEOL-JSM-
6060LV scanning electron microscope from Jeol, Eching, Germany with an acceleration
voltage of 10 kV. Several images of each grain were acquired with a back-scattered electron
detector at different magnification factors ranging from M = 200 up to M = 2000.

\

Figure 5.17.: This figure illustrates the experimental setup used for tomographic mea-
surements. The sample was placed between GG; and G4. Images were acquired, while the
sample was rotated around the y-axis as indicated by the green and red arrows and angle
. Based on images acquired from many angular views, a three dimensional distribution
of the sample’s attenuation and scattering coefficient was reconstructed.

Data acquisition, processing, reconstruction and analysis

Eight full sample rotations, each of them covering the angle ¢ from 0° to 360°, were per-
formed over a time period of 37 h. Each of them consisted of n = 441 angular positions.
The sample rotation by the angle ¢ around the tomographic axis is indicated in figure 5.17
by the green and red arrows. In total, N = 3528 angular projections were acquired. Each
full rotation was divided into 21 blocks. Each block consisted of 5 reference scans (with-
out sample) and 21 sample scans acquired with increasing angle ¢. For each reference
and sample scan, 7 phase steps were acquired with an exposure time of 2 s per step. In
addition, the sample was shifted by a random but logged number of pixels in x-direction
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for each angular projection in order to avoid ring artifacts in the reconstruction.

Ring artifacts are a common phenomenon in CT. They corrupt the reconstructed images
with strong ring-like structures. An inhomogeneous response of detector pixels or dam-
aged pixels are the reason for ring artifacts. Commercially available uCT systems use
a random detector shift during image acquisition. This is an effective hardware based
technique to reduce ring artifacts. By doing so the contribution of the corrupted pixels
is averaged over a larger region in the reconstruction, and the ring artifacts are reduced.
Since the detector is not motorized in the presented experimental setup, we compensated
for ring artifacts by a random shift of the sample. This is feasible for experiments obtained
with small magnification factors as it is the case for the presented study. It gives a similar
ring artifact reduction as the commonly done detector shift, and the same considerations
apply such as an increase in scan time and a loss in spatial resolution. More information
on this method of ring artifact reduction is given in reference [105].

Each sample scan was processed with the averaged data of 5 reference scans acquired prior
to each block. The obtained images were shifted back to the initial sample x-position ac-
cording to the logged shifts. The three dimensional distribution of i (x,y, z) and € (z, y, 2)
was reconstructed based on a simple FBP algorithm using the two-dimensional transmit-
tance and dark-field images, T'(x,y) and DF(z,y), acquired at angles ¢ = 0°...360°. To
virtually increase the temporal resolution of our measurement, we sorted the images in
such a way that more than eight reconstructions could be computed. In order to achieve
this, a reconstruction was performed on the images i x (N —n)/v to i (N —n)/v+n
with ¢ = 0,1,...,v. These image subsets were further sorted so that the first image in
each subset corresponded to ¢ = 0 to assure that the reconstructions were intrinsically
registered. In total, we computed v = 147 reconstructions providing a time resolution of
13.4 min. for each reconstruction. The reconstruction scheme is shown by the following
set of equation 5.2. The ith reconstruction R; is obtained by applying a FBP on the
image subsets in brackets. Note that the upper index ¢ = 0 indicates that each set of
projections is sorted so that the multiple reconstructions are intrinsically registered.

Ry = FBP[P{ - Pu)

Ry, = FBPI[P{° - P Por-- Puy]

Ry = FBP[P{;’ - PissPis- - Py

R147 - FBP [Pﬁj? e P3581:| . (52)
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For data analysis, the first reconstruction R; of the scattering coefficient ¢ was used to
segment each limestone grain from the cement paste. The commercially available software
VGStudio MAX 2.1 from Volume Graphics GmbH, Germany was used for this purpose.
Based on this segmentation, binary three dimensional pixel masks were extracted. Pixels
corresponding to cement were labeled with 0, while pixels corresponding to the limestone
grains were labeled with 1. The corresponding volumes resulting from this segmentation
are shown in figure B.3 in appendix B. Using this mask, the time evolution of the mean
scattering coefficient € and of the mean attenuation coefficient 1 were calculated for each
limestone grain and the cement paste surrounding each grain. The data of each recon-
struction was assigned to the point in time after which half of the corresponding image
subset was acquired. Hence, the first and last data set was assigned to a time of ¢t = 2.3
and t = 34.8 h, respectively.

5.6.2. Experimental results
Dark-field CT results

Figure 5.18 shows transmittance and dark-field images acquired at 0 h, 9.2 h and 18.5 h af-
ter sample preparation. Every image shows the sample at the same viewing angle ¢ = 0°.
The plastic tube and the cement paste filling are clearly observable in the transmittance
images. However, the six limestone grains are not visible.

The sample’s transmittance signal does not change in time as shown by the transmittance
images. In contrast to that, the six limestone grains K17, K27, K3T, K1B, K2B and
K3B are shown by dark regions in the dark-field images in figure 5.18. The letters T’
and B indicate the position of each grain in the top or the bottom part of the plastic
tube, while K1, K2 and K3 indicate the type of limestone corresponding to the previous
experiment. The cement paste’s dark-field signal decreases with time as it was expected
based on the previous experiments.

Furthermore, the two limestone grains K17 and K1B loose contrast during the measure-
ment. Both grains are barely visible in image f). In contrast to that, grains K27, K3T,
K2B and K3B are still clearly visible after 18.5 h.

Figure 5.19 shows slices through the sample’s center reconstructed for different points in
time. Grains K27, K3T, K2B and K3B appear brighter than the cement paste in images
a~c) indicating higher attenuation coefficients as compared to cement paste. Grains K17
and K1B appear with lower contrast to the surrounding cement paste indicating similar
attenuation coefficients for these two materials.
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a)Oh  b)9.2h ¢)18.5h d)0Oh e)9.2h f) 18.5h

Figure 5.18.: Images a-c) show transmittance images, while images d-f) show dark-field
images of a cylindrical cement sample acquired at 0 h, 9.2 h and 18.5 h after sample
preparation at an angle of ¢ = 0. The six limestone grain’s vertical positions are marked
by the labels K17, K2T, K3T, K1B, K2B and K3B shown in the middle of this figure.
The numbering corresponds to the type of limestone of each grain, while the letters T" and
B indicate their position in the top or bottom plastic tube. While the limestone grains are
not visible in the transmittance images, they are clearly visible in the dark-field images.
Grains of type K1 loose contrast when compared to the cement after 18.5 h as they have
almost vanished in image f).

The corresponding reconstructions of the scattering coefficient are shown in images d)-
f). Here, all grains initially appear as dark regions indicating reduced scattering coeffi-
cients when compared to the cement paste. The scattering signals of grains K27, K3T,
K2B and K3B remain unchanged in time. In contrast to that, the scattering signal of
grains K17 and K1B increases with time. The cement paste’s scattering signal decreases
throughout the measurement in the whole sample.

These findings are further supported by figure 5.20 showing the time evolution of the

attenuation (dashed curves) and scattering coefficient (solid curves) for each grain and its
surrounding cement paste.
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Figure 5.19.: This figure shows reconstructions of the attenuation coefficient (a-c) and
the scattering coefficient (d-f) for a slice through the center of reconstruction Ry (a), Ro
(b) and Ryy (c), i.e. at 2.3 h, 6.9 h and 11.5 h after sample preparation. While the
grains of type K2 and K3 appear very bright in images a-c) as compared to the cement,
the grains of type K1 have lower attenuation coefficients. Furthermore, the attenuation
coefficients remain unchanged during the experiment. The corresponding reconstructions
of the scattering coeflicient are shown in images d-f). Here, the six limestone grains
are clearly shown by the dark regions, however, the grains of type K1 initially display
increased scattering signal as they are slightly brighter when compared to grains of type
K2 and K3. Furthermore, the scattering signal of grains of type K1 increases with time,
while scattering coefficients for grains of type K2 and K3 remain unchanged.

The curves were obtained by calculating the attenuation and scattering coefficient for each
of the 147 reconstructions. The attenuation coefficient of limestone type K1 is similar to
the attenuation coefficient of cement paste. This is shown by the dashed curves in graph
a), which are very close to each other. The attenuation coefficient of limestone types
K2 and K3 are higher when compared to the cement paste. Therefore, the brown and
dark-blue dashed curves are at a higher level as compared to the purple and green dashed
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curves in graph b) and c¢). The scattering coefficients time evolution in cement paste
follows a logistic decline as shown by the green and pink solid curves in each of the three
graphs. The limestone grains K2 and K3 have low but constant scattering coefficients
as shown by the blue and orange solid curves in graph b) and ¢). In contrast to that,
type K1 limestone grains show a strong increase in scattering within the first 10 h of the
experiment. This is shown by the orange and blue solid curves in graph a). After 10 h
their scattering signal reaches constant levels.
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Figure 5.20.: Graphs a-c) show the attenuation (dashed curves) and scattering coef-
ficients (solid curves) of each limestone grain (orange, brown, light blue and dark blue
curves) and the cement surrounding each grain (pink, purple, light and dark green curves).
The attenuation coefficients of cement and all limestone grains remain unchanged. While
grains of type K2 and K3 show slightly higher attenuation coefficients than cement paste,
the grains of type K1 show attenuation coefficients similar to cement paste. This is shown
by the dashed curves in graphs a) and c). The scattering coeflicient of cement paste fol-
lows a logistic shape, while the scattering coefficients for limestone grains of type K2 and
K3 remain constant and low. The scattering coefficients of limestone grains of type K1
increase within the first 10 h after sample preparation. Instabilities of the X-ray tube
resulted in a signal variation at 20 — 25 h after sample preparation.

96



5.6. TIME-RESOLVED DARK-FIELD TOMOGRAPHY ON FRESH CEMENT
PASTE CONTAINING LIMESTONE GRAINS

Polarized light and scanning electron microscopy results

To understand the effects observed in the tomography data we acquired images of a thin
section of the sample with polarized light and scanning electron microscopes. This thin
section was produced after the tomography experiment by diamond sawing. The PLM
images are shown in figure 5.21.

Figure 5.21.: This figure shows PLM images of a thin section of each limestone grain.
PLM images provide information on the crystalline structure of minerals. While the
crystalline structure varies for the different types of limestone, all grains have the same
chemical composition and are made of pure calcite C'aCOs.

They provide information on the crystalline structure and the chemical composition of
each grain. All grains are made of pure calcite, while the grains of type K3 also con-
tain some quartz particles. Grains of type K1 contain many fossil fragments shown by
round and ellipsoidal features. These fossil fragments are embedded in a micro-crystalline
(micritic) carbonate matrix. Micro-crystalline means that mono-crystalline regions of the
same crystal orientation are smaller than 63 ym in size. Micro-crystalline regions appear
dark in the presented images. Therefore, cement paste is black as shown on the right side
of the image of grain K17. Grains of type K2 are fine crystalline to micritic limestone
with round features, called spherulites. Fine crystalline regions are large regions with a
mono-crystalline phase. They are represented by bright colorful regions in the images. In
grains of type K3, small areas of fine crystalline calcite are found in an otherwise majorly
micritic matrix.

Figure 5.22 shows high resolution SEM images of the grain’s thin sections. Limestone

97



5. APPLICATION OF X-RAY DARK-FIELD IMAGING IN CEMENT AND
CONCRETE RESEARCH

grains of type K1 show a distinct pore system, while the grains of type K2 and K3
have no significant level of porosity. The bright spots observed especially for grain K2B
correspond to surface charging of insulated regions. The porosity found in grains of type
K1 is not localized to certain regions within the grains. It affects the whole grain. This
is emphasized in figure 5.23, which shows SEM images of each grain at less magnification.
Hence, they show a larger ROI within each grain as compared to the SEM in figure 5.22.
Limestone grains of type K2 and K3 show almost no porosity even within this enlarged
ROL.

Figure 5.22.: This figure shows SEM images of a thin section of each limestone grain
acquired with a magnification of M = 2000. The limestone grains of type K1 have a
distinct pore system (dark spots), while the grains of type K2 and K3 show almost no
porosity.

5.6.3. Discussion

The results presented in this section show that the observations of the previous experiment
are related to an effect within limestone grains of type K1. While the cement particles
hydrate and form a hydration phase around each particle, the scattering coefficient of
cement paste decreases. Simultaneously, we observed an increase of the scattering coef-
ficient within limestone grains of type K'1. Such a behavior is not observed for grains of
type K2 and K3, which have a constant and low scattering signal throughout the whole
experiment. The microscopy experiments revealed that the three different types of lime-
stone only differ by means of their porosity. Chemically they are the same as they are all
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made up of pure calcite. This finding excludes chemical reactions within the particles as a
possible reason for the observed increase in scattering strength. The increase in scattering
strength is therefore related to the high porosity found in the grains of type K1.

Figure 5.23.: This figure shows SEM images of a thin section of each limestone grain
acquired at a lower magnification as compared to figure 5.22(compare scale bar). The
porosity in grains of type K1 spreads over the full image emphasizing that the whole
grain is affected and that this porosity is not a localized phenomenon. In contrast to
that, grains of type K2 and K3 do not show a significant porosity even within this
enlarged ROL.

The experiments presented at the very beginning of this chapter have shown that water
intrusion into the pore system of a porous materials results in a decrease in scattering
strength. Consequently, water that drains out of the pore system results in an increase in
scattering strength. The grains were added to the cement during mixing. Due to capillary
suction, the pore system of the grains of type K1 saturated with water during mixing. As
the hydration of the cement particles consumes water, an empty pore system is created
within cement paste during hydration. This pore system results in capillary forces, which
drain the water out of the limestone grain’s pore system into the cement paste [106]. This
mechanism is a very likely explanation of the observed increase in scattering strength.

Internal supply of water to cement during setting and hardening is often referred to
as internal curing [107]. In contrast to that, external curing is referred to a method
where additional water is supplied from the outside. Since this water supply affects the
mechanical properties as well as the long term durability of cement, internal curing is a
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very active field in cement research. Materials such as porous light weight aggregates or
super-absorbent polymers have the potential to serve as internal curing agents.

5.7. Summary and discussion

The results presented in this chapter point out the potential of grating-based X-ray dark-
field imaging to serve as a valuable tool for studying building materials such as mortars
or cement. We showed how water intrusion in porous materials affects X-ray dark-field
images as wet regions scatter less when compared to dry regions. The contrast between
wet and dry regions is higher for the dark-field signal when compared to conventional
attenuation-based X-ray imaging. Furthermore, we studied changes in water sorptivity
when modifying mortars by adding hydrophobic biofilm to the material. The hydrophobic
biofilm prevents water intrusion into the mortars pore system. Besides these time-resolved
radiography measurements, a method for time-resolved tomography was developed. It al-
lows to study water transport and cement hydration in in three dimensions over time.

Studies on the hydration of cement paste are another important aspect of this chapter.
Our results show that hydration kinetics of cement paste can be studied with the ad-
vantage of spatially resolving variations of this process within our samples. Here, we
could also study the effect of temperature on cement paste’s hydration. While reactions
slowed down in the cooled sample decelerating the scattering signal’s decrease, a speed
up in reaction rate was observed for a heated cement sample. The change in scattering
during hydration of cement paste was studied by two-dimensional dark-field radiography
as well as in a time-resolved tomography experiment. Compared to conventional testing
methods, grating-based X-ray dark-field imaging represents a new approach in studying
cement-based materials due to the spatial resolution of the obtained data.
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6. Fiber orientation characterization
in fiber reinforced materials with
X-ray dark-field imaging

This chapter outlines the potential of X-ray dark-field imaging to study fiber orientation
in fiber reinforced materials.

The presented results are published in the following article and parts of the following text
are adapted from this article:

F. Prade et al. "Nondestructive characterization of fiber orientation in short
fiber reinforced polymer composites with X-ray vector radiography". In: NDT
& E International 86 (2016), pp. 65-72. DOI: 10.1016/j.ndteint.2016.11.013

6.1. Introduction to fiber reinforced materials

Microstructural properties determine the macroscopic mechanical characteristics of any
material. Composite materials therefore use different materials, which are combined to
manufacture components with properties adjusted to their use. Fiber reinforced com-
posite materials are a famous example. Many industrial fields such as automotive and
consumers industry use short glass and carbon fiber reinforced polymer (SFRP) compos-
ites for manufacturing. Their physical and mechanical properties are often superior when
compared to the pure polymer material. Fiber orientation is a very important charac-
teristic especially for SFRP components as it is not known prior to the manufacturing
process. During manufacturing, for example by injection molding, fibers align according
to the flow of the molten matrix polymer [109]. Anisotropic fiber orientations are the
result and lead to the formation of features such as weld-lines. This strongly influences the
mechanical properties of SFRP components. Especially weld-lines decrease the mechani-
cal strength compared to the rest of the injection-molded part [110]. Thus, experimental
methods for microstructure characterization have to be consistently improved along with
the development of new materials and the advancements of already established materials.

Carbon or glass fiber reinforced polymer (CFRP or GFRP) components are currently
tested by materialographic specimen preparation, visual examination, and tap testing.
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For example, porosity and fiber content are destructively tested by wet chemical analy-
sis. Besides these visual methods, ultrasonic testing and active thermography are other
established NDT methods [111, 112]. In automotive and aerospace industries, ultrasonic
testing [113] and acid digestion [112] are state of the art testing methods. However, they
only deliver two-dimensional spatial information of the components structure.

X-rays are the tool of choice to probe a materials internal structure and geometry as
they penetrate matter without being fully attenuated. X-ray radiography and CT are
the most common techniques applied to obtain information on the internal structure of
a material in two or three dimensions, respectively [36]. For example, CT is extensively
applied for the analysis of fiber orientation and fiber length distribution in fiber reinforced
materials such as CFRPs or GFRPs [37, 38, 114]. Fiber orientation is extracted after a
CT measurement by processing algorithms. These algorithms require high resolution data
which resolves single fibers at high contrast to the surrounding matrix. Fiber diameters
are approximately in the range of 5 — 10 pm for CFRPs and 10 — 20 pum for GFRPs.
This limits the measurable sample size because the sample’s physical dimensions limit the
spatial resolution of CT scans. Single fibers can simply not be resolved in large samples.
Thus, a sample of several centimeters in size has to be divided into several pieces with
smaller dimensions, usually below 5 mm. Furthermore, the attenuation contrast between
fibers and matrix material has to be strong in order to ensure robustness of the applied
processing algorithm. This is not always the case for carbon fibers (1.8 g/cm?) embedded
in a polymer matrix, e.g. polyamide (1.15 g/cm3). Even though contrast is higher for
carbon fibers and a polypropylene matrix (0.94 g/cm?) it is still not as high as between
glass fibers (2.5 g/cm?®) and a polymer matrix. Hence, for large samples and materials
suffering from weak attenuation contrast, CT based fiber extraction techniques are prone
to errors. In addition, high resolution CT measurements are time consuming as they
usually last for several hours.

In the following, we present results that point out the potential of grating-based X-
ray dark-field imaging to relax some of these limitations. Due to the interferometer’s
unidirectional sensitivity for scattered X-rays, the relative orientation between the gratings
and the scattering structures influences the detected dark-field signal [115-117|. This
property has recently been used to obtain information on fiber orientation in CFRPs and
GFRPs |35, 118|. In the present study, we measure fiber orientation of various SFRP
components made of different size, geometry and fiber material. Our results show that
X-ray vector radiography (XVR), which is an extension to grating-based X-ray dark-field
imaging, does not suffer from the mentioned limitations of CT measurements |32, 76,
119]. It is much faster but still provides results which are qualitatively comparable to
CT data. Furthermore, the fiber orientation comes as a physical measure and is not
extracted via data processing algorithms. We show that weld-lines are easily studied in
flat components with this technique, while neither the fiber material nor the component’s
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size complicates the measurements.

6.2. Measurements on short fiber reinforced polymer
components with X-ray vector radiography

6.2.1. Materials and methods

Sample specifications

[ |
2cm

straight weld line

GFRP L1

Direction of melt flow

weld line weld line
GFRP L1 CFRP L3

Figure 6.1.: This figure shows photographs of the SFRP samples studied with XVR in
this work. The direction of injection, i.e. the flow direction of the molten polymer, is
given by the black arrow.

Photographs of the samples used in this study are shown in figure 6.1. All samples have
a fiber content (glass or carbon fibers, respectively) of about 30 weight percent. Fiber
diameters are about 18 um for glass and 7 ym for carbon fibers. Samples S1 and S2 are
GFRPs produced by injection molding with a thickness of 2 mm. Density of glass was
about 2.52 g/cm3. The mean granulate fiber length is assumed to be around 400 pm.
Polypropylene was used as the matrix material with a density of 0.9 g/cm?. Samples
S1 and S2 were cut from longer parts in which the molten polymer flowed along the
long axis. Fibers are therefore expected to be aligned with the injection direction in S1,
which is given by the arrow in figure 6.1. S2 was cut from a region of a larger sample
which contained a hole. The melt front splits in front of such a hole and flows together
behind the hole creating a weld-line. The large samples are a straight segment L1, with
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a thickness of 4 mm, containing glass fibers and two samples with a hole containing glass
(L2) fibers and carbon fibers (L3) and a thickness of 2 mm. The samples S1 and S2 have
already been studied by CT and dark-field CT in a previous study [118].

Figure 6.2.: This figure shows a schematic illustration of an XVR measurement. Images
are acquired for different angles ©, while the sample is rotated around the optical axis as
indicated by the green and pink arrows.

Experimental equipment and parameters

The XVR experiments were carried out with the set of gratings described in table 3.2
in chapter 3 and the experimental equipment as described in chapter 3. The tube was
operated at 60 kVp, while the tube power was set to 100 W. In a first experiment, all
samples shown in figure 6.1 were placed between the phase and analyzer grating, G; and
G5, at a distance of 33 c¢cm to the phase grating. This resulted in an image pixel size
of 86 pum. Additionally, samples S1 and S2 were placed between the source and phase
grating, Go and G1, in second experiment. The tube power was set to 20 W and the
distance to the phase grating was 55 cm, in this case resulting in an image pixel size of
29 pum. A schematic representation of an XVR measurement is shown in figure 6.2. For
comparison, high resolution CT measurements were carried out for samples S1 and S2,
while for samples L1, L2 and L3 high resolution radiography images were acquired. The
radio- and tomography experiments were performed at the University of Upper Austria.
The specimens were scanned with a Nanotom 180NF (GE phoenix|X-ray). This system
consists of a nanofocus tube and a 2304x2304 pixel Hamamatsu detector (Hamamatsu
City, Japan). Molybdenum was used as the target material. The scanning parameters for
investigating the samples S1 and S2 were 80 kV tube voltage, 180 A tube current, 1800
total projections and a voxel size of 6.5% um?3. Six single images were averaged resulting in
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one projection. The integration time for each single image was 750 ms. Datos|x was used
as the reconstruction software. It works with a FBP, and a beam-hardening correction
was applied as well.

Data acquisition and processing

For XVR measurements, the samples were rotated around the optical axis by an angle
© = 0°...360°, as indicated by the green and pink arrow in figure 6.2. Prior to each exper-
iment, one reference scan was acquired. We acquired attenuation and dark-field images
for 31 positions of O, each consisting of 7 phase steps with an exposure time of 2 s per
step. Here, we emphasize that the attenuation and dark-field images are acquired just by
one measurement at the same time for each angle ©. The visibility of the reference scan
was around 30 % prior to the experiments.

After acquisition, all acquired dark-field images are rotated and registered to match the
dark-field image acquired for © = 0°. This is done by a processing algorithm operating on
the attenuation images because they are unaffected by the rotation of the sample. After
registration, a data set for each XVR measurement consists of the 31 dark-field images,
which were initially obtained at different angles ©, but are now perfectly registered to
the image acquired at ©® = 0°. The dark-field signal depends on the relative orientation
between the grating lamellae and the scattering features of the sample [119]. Thus, a
changing dark-field signal is expected when analyzing the same pixel in all 31 registered
dark-field images. It has been shown that, for fibrous materials such as wood, leaves,
teeth and polypropylene fibers, the detected dark-field signal is strongest when fibers
are aligned parallel to the grating lamellae 76, 115, 116, 119|. If fibers are aligned
perpendicular to the grating lamellae, the scattering signal decreases to a minimum. The
dependence of the dark-field signal and the sample orientation defined by angle © is given
by the following equation [116, 119|:

DF(©) =exp—[ag+ aicos (2(0+¢))] . (6.1)

DF(O) denotes the measured dark-field signal in one pixel as a function of ©. ag repre-
sents the average scattering strength of the sample in each pixel, while a; describes the
anisotropic part of this scattering strength. The ratio a;/aq gives the degree of anisotropy
indicating the fraction of scattering structures oriented with the preferred orientation ¢
[120]. If this ratio is one all structures that contribute to the scattering signal are aligned
with this preferred orientation. On the opposite, if this ratio is zero, the scattering fea-
tures are randomly distributed and no preferred orientation can be determined. The
contribution of the anisotropic scattering to the detected signal depends on the relative
orientation between scattering structures and the grating lamellae, which is denoted by
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¢ [76]. Plotting the dark-field signal of the same pixel in all 31 dark-field images against
its original acquisition angle © results in an oscillating curve which can be fitted by equa-
tion 6.1. Performing such a fit on every pixel provides three parameters ag, a; and ¢ for
each pixel. This procedure is illustrated in figure 6.3.
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Figure 6.3.: This figure illustrates the work-flow of XVR measurements. Images a-d)
show unregistered dark-field radiographs of sample S2 for 4 of the 31 angles ©. A change
in the dark-field signal is observed for different regions. This is emphasized by plots of the
dark-field signal from the two marked regions (green and pink rectangles) over the angle
©. Clearly, the signal oscillates as the sample is rotated around the optical axis. The
shift between the two curves indicates a difference in fiber orientation in the two marked
regions.

Unregistered dark-field images of sample 52 are shown for 4 of the 31 different acquisition
angles ©. Clearly, the dark-field signal of the sample depends on the orientation around
the optical axis as the dark-field signal in different regions changes throughout the four
images. For example, the black line running from top to bottom in the center of the sample
in image a) appears brighter in image ¢). This rotational dependence is emphasized by the
plot on the right hand side of figure 6.3. Here, the dark-field signal in the green and pink
regions marked in the images is plotted against the acquisition angle for all 31 images
of the XVR measurement. The two curves obviously oscillate with twice the rotation
frequency of the sample, thus, being in accordance with equation 6.1. Furthermore, the
curves are slightly shifted to each other indicating a difference in fiber orientation between
the green and pink region. By fitting these curves according to equation 6.1, the fiber
orientation is given by (. This parameter is represented by vectors in the following
indicating the preferred orientation of the fibers in the corresponding pixel. For a better
visualization all vectors are shown with the same length. The ratio ay/aq is represented
as a color coding of these vectors, and it represents the fiber amount which is oriented in
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the preferred direction. The average scattering parameter ay represents the total amount
of fibers in each pixel. This parameter was found to be quite homogenous within each of
the measured samples. Therefore it was used as a threshold to assign the vectors obtained
for image regions containing air with a vector length of zero. The following results do not
show the fiber orientation and degree of orientation for each single pixel to assure good
visualization. For images acquired with a pixel size of 29 pum, the orientation is shown
only for every 25th pixel, while the orientation vectors are shown in every 8th pixel for
measurements acquired with a pixel size of 86 um.

6.2.2. Experimental results
XVR results

Figure 6.4 shows results of XVR measurements on samples S1 and S2. The preferred fiber
orientation is shown for both samples by colored vectors as an overlay onto an attenua-
tion projection of each sample. Furthermore, results are compared for two measurements
obtained with different pixels size. The results emphasize that the pixel size does not
influence the extraction of fiber orientation in XVR measurements.

While the fibers homogeneously run from top to bottom in sample S1 they are aligned
around the hole in sample 52 and form a so-called weld-line. This weld-line is represented
by a region in the middle of sample S2 where all vectors point along the vertical axis of
the image. On the left and right hand side of the weld-line, fibers fan out. The coloring
of the vectors illustrates the degree of anisotropy ai/ag. It shows that a large amount of
fibers is aligned along the preferred direction for sample S1 as well as around the hole and
along the weld-line in sample S2. In contrast to that, only a small fiber amount is aligned
along the preferred direction in other regions of S2. The parameter ¢ is shown for the
three regions (see figure 6.1) in table 6.1 to quantitatively compare the fiber orientation
obtained with XVR measurements acquired with different pixel sizes.

Table 6.1.: This table emphasizes that the effective pixel size does not influence the
measured fiber orientation in XVR. The parameter ¢ is shown in radians for three regions
marked in figure 6.4.

S129 ym S186 um S229 um S2 86 pum

ROIl 1.515 1.542 2.111 2.107
ROI2 1.578 1.595 1.731 1.677
ROI3 1.547 1.572 0.767 0.781
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Figure 6.4.: This figure illustrates results of XVR measurements on samples S1 and S2.
Images a-d) show an overlay of the sample’s attenuation image (gray scale images) and the
preferred fiber orientation (colored vectors) for samples S1 in images a) and b) and S2 in
images ¢) and d) for two different pixel sizes. Injection direction was from bottom to top
for both samples. The vector coloring corresponds to the anisotropy parameter a;/ag = 0
(color bar on the right). Red vectors (a;/ap = 1) correspond to regions where a large
amount of fibers is oriented in the preferred direction, while purple vectors (a;/ay = 0)
correspond to regions where the amount of fibers oriented in the preferred direction is
small. The half circle between the two color-bars illustrates how the parameter ¢ of
equation 6.1 is translated into fiber orientation. The measurements acquired at different
resolution emphasize that image resolution does not influence the determination of fiber
orientation in XVR measurements.
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The preferred orientation ¢ is given in radians. The deviation of ¢ between the small
and large pixel size is small in all the three regions for both samples. The fact that
the resolution does not impact the orientation characterization is advantageous for the
measurement of large samples. To emphasize this advantage, large SFRP samples were
studied, and figure 6.5 shows results of XVR measurements on samples L1, L2 and L3.
These samples are considerably larger when compared to samples S1 and S2. The glass
fibers of sample L1, shown in figure 6.5 a), run preferably from top to bottom with a slight
tilting along the sample’s skewed edge. The other samples shown in figure 6.5 b) and c)
have a more complex geometry and also contain a hole. As for sample S2, the melt had
to flow around this hole during the molding process. In both cases, the fiber orientation
appears to be very similar due to the same geometry of samples L2 and L3. A weld-line is
clearly extending vertically from the holes. While sample L2 in image b) contained glass
fibers, sample L3 in image c¢) contained carbon fibers. Thus, our results show that fiber
orientation can be studied with XVR even for fiber materials which are prone to weak
attenuation contrast. Sample L3 is barely visible in the underlying attenuation image in
figure 6.5 ¢) indicating the weak attenuation properties of carbon fibers.

Table 6.2.: This table shows how the number of projections used for XVR influences the
measurements. @ is given in radians for two random regions in the XVR data of sample
S2 acquired with a pixel size of 86 pm.

Number of used images Region 1 Region 2

31 2.213 0.662
16 2.210 0.676
7 2.185 0.694
4 1.328 0.951

A further advantage of XVR is its comparatively fast measurement time. For each of the
presented measurements, 31 dark-field projections were acquired with a total measurement
time of approximately 20 minutes. However, the time for one measurement can be reduced
further when acquiring projections at fewer angles. To illustrate the feasibility of reducing
the number of projections, we repeated the XVR analysis by constantly reducing the
number of projections used for the orientation analysis. Table 6.2 shows the parameter
v in radians obtained for two random regions in sample S2, while using only 16, 7 and
finally 4 of the originally 31 acquired projections. The parameter ¢ is relatively stable
when the number of images is reduced. When using only 7 images, the value for ¢ varies
only slightly from the initial value obtained with 31 images, while the variation increases
strongly when less projections are used. Thus, the measurement time can even be reduced
by a factor of 2 — 3 without losing accuracy in the orientation analysis.
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Figure 6.5.: This figure illustrates results of XVR measurements on samples L1, L2 and
L3. The melt flow direction for all samples was from bottom to top. The images show an
overlay of the attenuation images (shown in gray scale) and the preferred fiber orientation
represented by colored vectors. The coloring of the vectors corresponds to the anisotropy
parameters a;/ag. While the fibers are running from top to bottom for L1 in image a),
the fiber orientation has a complex appearance for the glass and carbon fiber samples
L2 and L3 shown in images b) and c). Clearly, the fiber orientation in images b) and
¢) are very similar owing to the same sample geometry. It is important to note that the
orientation measurement performs well also for the carbon fiber sample.
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Results from high-resolution attenuation-based imaging

In order to assure that the fiber orientation is recovered correctly by the XVR mea-
surements, we qualitatively compare the results to pCT measurements. High resolution
radiographs of samples S1 and S2 are depicted in figure 6.6. For sample S1, the fiber
orientation can be guessed from the high resolution images owing to the fact that most
of the fibers are aligned in the same direction. For S2, only the weld-line and the region
around the hole shows the preferred fiber orientation, while in other regions a preferred
orientation is not observed. Figure 6.7 shows reconstructed slices from a puCT measure-
ment of samples S1 in images a) and b) and S2 in images ¢) and d). The slices of each
sample were taken from close to the sample’s surface in images a) and ¢) and from the
sample’s center in images b) and d).

Figure 6.6.: This figure depicts high resolution attenuation projections of samples S1
and S2. The fiber orientation is barely detectable in these high resolution projections of
sample S1 in image a) and S2 in image b). This indicates that simple attenuation-based
imaging is insufficient for fiber orientation studies.

Fibers are spatially resolved in the uCT measurements due to the small pixel size of
6.5 um. Fibers appear to be rather randomly oriented close to the surface of both samples
shown in images a) and ¢). However, the weld-line in sample S2 is already observable as
indicated by the dashed rectangle in figure 6.7 ¢). The central slice through the sample
in figure 6.7 b) reveals a fiber orientation from top to bottom for sample S1. This is in
good qualitative agreement with observations made with XVR scans shown in figure 6.4.
The central slice through sample S2 in figure 6.7 d) also reveals a similar orientation
distribution as shown in figure 6.4. While fibers are aligned around the hole, they also
form a weld-line shown by the dashed rectangle. Fibers fan out on the left and right hand
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side of this weld-line.

a) Surface slice S1 b) Central slice

M att.
[arb. units]
65535

Figure 6.7.: This figure depicts slices from high resolution CT measurements of samples
S1 and S2. Images a) and c) represent slices through the center of the samples, while
images b) and d) represent slices close to the samples surface. The location of the slices is
also indicated by the colored frames and the small cube at the bottom right of this figure.
While fibers appear to be oriented randomly close to the surface of sample S1, they are
very strongly aligned from top to bottom in the central slice. The fiber orientation in 52
is strongly influenced by the hole. The so-called weld-line indicated by the orange dashed
rectangles can be observed in both slices.

Thus, we can qualitatively assure that the orientation obtained from the XVR measure-
ment corresponds to the sample’s preferred fiber orientation. It is important to mention
that XVR measurements provide the preferred fiber orientation as an average throughout
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the sample’s thickness. Not all fibers are oriented in this direction. This is emphasized
by the parameter a;/ag giving the degree of anisotropy.

Figure 6.8.: This figure depicts high resolution attenuation projections of samples L1,
L2 and L3. Fiber orientation cannot be determined from these attenuation based images.
A high resolution uCT measurement was not feasible in this case due to the size of the
samples.

The colored representation of this parameter is also in good agreement with the uCT
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data. Fibers are aligned along the weld-line throughout the whole sample S2 resulting in
large values for a;/ag as shown in images ¢) and d) in figure 6.4. On the left and right
hand side of the weld-line, fibers are aligned along the extracted orientation only within
the central slice. Close to the surface they are more randomly orientated, thus, result-
ing in small values for a; /ag on the left and right hand side of the weld-line (see figure 6.4).

Figure 6.8 shows high resolution radiographs of the large samples L1 , L2 and L3. The
fiber orientation cannot be determined based on these simple projections. In this case,
the sample’s size only allowed for a pixel size of 19 ym. Therefore, a pCT measurement
was not feasible as it would not have been possible to resolve single fibers.

6.3. Summary and discussion

The advantages of XVR over yCT measurements are pointed out by the presented results.
While XVR measurements and their analysis can be conducted much faster than uCT
measurements, they also do not suffer from the sample’s physical dimension as a limiting
factor, which is the case for uCT measurements. For puCT, sample sizes are limited to
a few millimeters to achieve a spatial resolution sufficient for resolving single fibers. In
contrast, samples can be of a size of several centimeters for XVR measurements. As al-
ready mentioned, this stems from the origin of the dark-field signal as it is based on X-ray
scattering caused by the sample’s microstructure. To detect this scattering signal, high
resolution is not required. One limiting factor concerning the sample size in XVR is the
maximum area of the gratings that currently can be produced.

The comparison of uCT to XVR data is only addressed on a qualitative level in this work.
However, a quantitative correlation of both techniques has been shown before by several
other studies [32, 120]. One drawback of XVR certainly is the two-dimensionality of the
obtained data. Thus, samples studied by XVR should ideally be flat objects. The fiber
orientation distribution of such samples lies within the two dimensions probable by XVR.
However, also flat objects might already show varying fiber orientation distributions in
different layers as revealed by the pCT data on samples S1 and S2. XVR cannot differen-
tiate such variations as it probes the averaged orientation from all overlaying layers of the
sample. Therefore, samples should be chosen carefully when applying XVR to character-
ize them. A possible solution for this is the extension of XVR into three dimensions, which
is referred to as X-ray tensor tomography (XTT) [42, 121]. This experimental method
has been developed recently and provides information on the fiber orientation in three
dimensions. Of course it is important to mention, that XTT measurements take several
hours, which is a similar amount of time as for pCT measurements. But fiber orientation
distributions can be readily studied in relatively large objects (several centimeters) with
arbitrary geometries on a reasonable time scale with XTT.

Besides the fiber orientation, we pointed out, that parameters ag and a, are related to
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the total amount of fibers in each pixel and the amount of fibers aligned in the preferred
direction , respectively. However, the fiber length distribution, which is a very important
parameter especially for SFRP components, cannot be addressed by neither XVR nor
XTT. Further work has to be carried out to obtain a quantitative relation of parameters
ap, a1, and aj/ag to the actual physical quantities characterizing the sample such as fiber
content for example.
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7. Summary and outlook

This final chapter summarizes the presented results, states open questions and gives an
outlook to future developments of X-ray dark-field imaging.

7.1. Summary

The potential of grating-based X-ray dark-field imaging as a new imaging modality in ma-
terials research and NDT was demonstrated by means of specific application examples.
Besides providing strong imaging contrast for microstructural features, the dark-field sig-
nal also provides quantitative information about structural parameters. We pointed out
this capability by deriving a theoretical framework for the dark-field signal, which is
based on well-known mathematical formalism of SAXS. Our theoretical considerations
provide a direct relation of the dark-field signal to the auto-correlation function of the
sample’s microstructure. By using model functions, quantitative information on the sam-
ple’s microstructure is extracted based on the dark-field signal. We further developed
an experimental method which allows to measure such auto-correlation functions with
laboratory-based X-ray equipment and a Talbot-Lau interferometer setup. Experiments
with Si0s microspheres were carried out to validate our theoretical dark-field framework
as well as to demonstrate the feasibility of our experimental approach. Here, the micro-
sphere’s diameter was determined with good accuracy when compared to the manufac-
turer’s specifications. In addition to that, short-range ordering in dense sphere suspensions
was observed, and the next neighbor distance of spheres was qualitatively determined.

We further utilized the dark-field signal’s sensitivity to microstructural features to study
different materials. At first, building materials such as mortar and cement were studied.
Here, we presented methods for time-resolved radiography and tomography experiments
and applied these techniques to study water transport in porous materials. Our results
showed that temperature treatment of mortar samples influences the material’s water
sorptivity. Mortar that was treated at higher temperatures takes up water faster than un-
treated mortar due to an increased amount of microcracks in the heated samples. Further
results revealed that water adsorption in mortar can be prevented by adding hydrophobic
substances such as biofilm to the mortar during mixing. Water transport is observed
with strong contrast by X-ray dark-field imaging because the intrusion of water strongly
changes the scattering properties of a porous material such as mortar. Besides two-
dimensional dark-field radiography, we used time-resolved dark-field CT to study water
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transport in three dimensions. Here, water supply to cement by porous water-saturated
limestone grains during cement hardening was presented.

Grating-based X-ray dark-field imaging was further demonstrated to be a valuable tool for
studies on cement during setting and hardening. The microstructural changes in cement
paste affects the material’s scattering properties. Thus, grating-based dark-field imaging
was used to study kinetics of cement hydration spatially resolved in two as well as three
dimensions. The change in dark-field signal of pure cement paste was found to follow a
logistic behavior similar to ultrasound measurements|78]|. Temperature variations were
shown to have a strong effect on the dark-field measurements because the chemical reac-
tions causing cement hardening are temperature sensitive. While a heated cement sample
shows increased reaction speed, a cooled sample displays reduced reaction speed, which
is correspondingly reflected in the measured dark-field signal.

Another material class, which was studied in this work, are short fiber reinforced poly-
mer components. Here, the orientation sensitivity of a Talbot-Lau interferometer for
scattered X-rays was exploited to study fiber orientation in flat SFRP samples. Fiber
orientation was analyzed by XVR measurements for samples with different geometry and
fiber materials. A qualitative comparison revealed good correlation of the average struc-
ture orientation measured by XVR in each pixel and the real fiber orientation provided
by uCT. XVR was furthermore shown to be much faster than conventional CT measure-
ments, and it also provides sufficient contrast between carbon fibers and a carbon-based
matrix to allow for orientation characterization.

7.2. Outlook

The presented application examples have illustrated the potential of grating-based X-ray
dark-field imaging as a valuable tool for materials research and NDT. Grating-based X-
ray dark-field imaging complements standard X-ray imaging, as it reduces the accessible
structure size towards the nanometer length scale also for large objects. grating-based
X-ray dark-field imaging may therefore be beneficial for studies in particular on slow dy-
namical processes related to microstructural changes. Often, the probed sample volume
sets boundary conditions which influence these microstructural processes. Small sample
volumes often need dedicated preparation protocols, for example in electron and X-ray
microscopy. As dark-field imaging allows to study relatively large sample volumes, while
being sensitive to microstructural changes, the sample size is less restricted making in-
situ experiments feasible. Research areas where such a method is potentially of great
interest may include: Geological sciences, where water transport in geological materi-
als is of interest, energy sciences, where structural processes in battery materials come
more into focus with the rise of electrical mobility, and for example civil engineering,
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where the need for sustainable and durable materials shifts the research focus towards
the micrometer length scale. Besides qualitative studies, which benefit from the dark-
field signals improved contrast for microstructures, even quantitative studies are feasible.
While quantitative studies are straight forward for simple structures such as microspheres,
much more research is needed in order to extract quantitative information from dark-field
measurements on complex materials such as cement. Furthermore, some technological
barriers limit the application of quantitative dark-field imaging nowadays. The proba-
ble object size is currently limited because large area gratings are not available in great
numbers. This limits the field of view of most grating-based imaging systems to a few
centimeters. High energy applications further demand gratings with high aspect ratios of
material height to grating period to provide sufficient X-ray attenuation by the source and
analyzer gratings. Interferometers working at mean X-ray spectrum energies of around
50 keV are easily realizable at the time, while interferometers working at energies to-
wards and beyond 100 keV remain rare systems for now. A crucial aspect for quantitative
measurements is also the period of the grating structures. Currently available grating
periods limit the maximum structure size that can be quantified to 2.5 — 5 um [60]. To
substantially increase this length scale, smaller grating periods are necessary. Gratings of
small period are more sensitive to small scattering angles which originate from structural
features with a size of a few micrometers. Due to the emergence of micro-manufacturing
and additive manufacturing, structures on a length scale of 100 nm up to 100 pym in large
objects of several centimeters in size become more and more interesting to the research
and engineering community [122-126|. Here, quantitative grating-based X-ray dark-field
imaging has a lot potential to assist in characterization of materials and manufacturing
processes.

119



Appendix A.

Detailed derivation of equations
from chapter 4

A.1. Calculations for equation 4.24

In order to derive equation 4.24, we start with the third term of equation 4.22 using
equation 4.25 and split the integration over (), into a negative and positive part.

> do 2w )\Qxdsg2
T = —_— _ T e
3 /_OO S (@) cos [p2 (:L’D + o )] dQ,

. - dO’ 27T )\des’g2
— _/O - (Q.) cos {E (:I:D A )] dQs

>d 2 AQwds G,
+/0 d_g (Qx) COS |:p_72r (xD + _Q27T57G ):| de (Al)

Assuming the differential scattering cross section to be a real and even function, i.e.
99 (Q,) = %2 (—Q,), we get rid of the minus before the first term of equation A.1 and its
integration limits by writing ), = —@Q,. By further using the identity of equation 4.23
we end up with the following representation for the third term of equation 4.22.

15 = /Ooo 1o (—Qx) cos lz—ﬁ (ID - M)} dQ,

49 Do 27
> do 2m AQ.ds ¢
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0 dQ ( ) D2 b 27T
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o] [ Qs 2 (A2
The final integration can be written as a sum of two identical integrals and we can rein-
troduce the integration over the negative (),-space again by setting (), = —(), in one of
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the two identical integrations. This is feasible because cos [MZ%QI] = cos [%QI]
and because we assume the same to be true for the differential scattering cross section,

Le. %2(Q,) =% (-Q,).

Ts = 2 cos [2_7%]3} /OO do (Q.) cos [Ads’GQ Qx:| dQ,
0

s aQ P>
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[t o]
— cos [%D] / Z;%(QI)COS [Afjf @4 dQ, (A.3)

121



A.2. Impact of a polychromatic X-ray spectrum on
equation 4.27

First we rewrite the term of the reference intensity pattern [, from equation 4.19 in
chapter 4 for a polychromatic X-ray spectrum:

2
I (N, xp) = Ig(N)ag(N) + Ip(N)aq (M) cos {p—xp} (A.4)
2
Here, Iy()) is the incoming intensity at a certain energy A and the parameters ag(\) and
aj () describe the mean and amplitude of the periodic reference pattern generated by this
incoming intensity. Integration of equation A.4 over the full energy range of the spectrum
yields the total observed reference patter:

I (zp) = /O T L (Nay (VA + /0 T L (Nar(\) cos E—:m} d\ (A.5)

Same considerations are true for the reference pattern observed with a sample interacting
with the X-rays. In this case, we integrate the energy dependent superposition of scat-
tered and un-scattered intensity patterns over the full energy range which yields following
equation:

D2

Lt (N p) = /0 T (IO — e I (\E) (ao()\) +ai(N) cos ijb d\

+t / T L(Nao (Ao (A)dr

+tcos B_:m} /0 T L (Nas (GEN)dA (A.6)

With equation A.5 and A.6 we can write the dark-field signal obtained for a polychromatic
X-ray beam as follows:
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Equation A.7 resembles the first line of equation 4.27 in chapter 4 for a polychromatic
spectrum. It therefore maintains the relation of the dark-field signal and the correlation
function G(&) but includes energy weighting terms that account for a polychromatic X-
ray spectrum. Our experimental results have shown that it is feasible to account for this
energy weighting by assuming that the Talbot-Lau interferometer operates at the mean
energy for spectra of conventional X-ray tubes.
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Appendix B.

Additional figures for chapters 4 and
5

Figure B.1.: This photograph shows the suspension samples of monodisperse micro-
spheres with diameters of D = 0.513 (a), D = 0.966 (b), D = 7.38 (c¢) and 2.79 um (d) ,
which are used in chapter 4. The spheres with the largest diameter in image c¢) already
settle on the bottom of the cuvettes.
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Sample holder

Cement sample

Plastic lid

Figure B.2.: This photograph shows the the cement sample holder and some cement
samples used for dark-field radiography studies presented in chapter 5.
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scat. coeff.

Figure B.3.: This figure illustrates the result of the segmentation performed on the
time-resolved tomography data of fresh cement paste and limestone grains presented in
chapter 5, section 5.6. Volumes a) and d) show half of the reconstructed volume for
the attenuation and scattering coefficient, respectively. The volumes b) and e) show
the segmented cement volume of the attenuation and scattering coefficient, respectively.
The segmentation of the six tested limestone grains is shown by volumes ¢) and f) for
the attenuation and scattering coefficient, respectively. The segmentation is based on
a simple threshold segmentation performed on the volume of the scattering coefficient
reconstructed at time 0 h.
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