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1 Introduction

The characterization of internal microstructures is crucial for understanding the perfor-
mance, reliability, and failure mechanisms of modern materials. As advanced engineering
materials such as carbon and titanium composites and bers are increasingly used in
high-performance applications, non-destructive imaging techniques capable of resolving
their inner architectures at the micro- and nano-scale have become essential. This
thesis explores two powerful modalities: x-ray micro computed tomography (CT) and
dark- eld imaging to probe the internal structure of two representative materials, a
carbon ber composite and a titanium ber sample.

Carbon composites and titanium alloys are widely used in aerospace, biomedical, and
automotive industries. These materials often have some special mechanical properties,
such as high strength to weight ratio and corrosion resistance, due to intricate internal
microstructures. In carbon composites, for example, the orientation, distribution, and
density of bers in uence mechanical sti ness and failure behavior. In titanium, grain
size, porosity, and microcracks can signi cantly impact fatigue life and biocompatibility.
Conventional surface imaging techniques like optical or scanning electron microscopy
o er limited insight, as they require destructive sectioning and can only provide two
dimensional information. Thus, there is a clear need for volumetric, non-destructive
imaging approaches. The objective of this thesis is to evaluate the capabilities of
micro-CT imaging in resolving the internal structures of two representative materials,
and get information about the structure through the dark- eld images even far below
the pixel size. Information from other studies is known and can be used to contrast the
results from both setups. Through systematic acquisition and analysis of micro-CT and
dark- eld data, the thesis aims to answer what speci ¢ microstructural information can
be extracted from each imaging modality, how do the results compare, and whether
the micro-CT images and data can be used as a reference for the grating-based phase-
contrast setup, answering as well what are the limitations and challenges in measuring
these samples.

In this thesis a description of the experimental setup of the micro-CT is given and how
alignment was performed in order to correctly calibrate the setup. Then, an analysis of
both carbon and titan samples from the projection x-ray images is done. From these
projection images, a 3D reconstruction is made, from which structure information is
obtained from the samples. After, a directional dependent measurement is done in
the grating-based phase-contrast scanner, rst explaining how images are Itered, and
later analyzed, to obtain information that is contrasted with the obtained data in the
micro-CT.






2 Theoretical background

The following chapter aims to introduce the theoretical background for the imaging
methods applied in this work. A description of the fundamental properties of X-rays,
production methods and their interactions with matter is given. Then, an overview of
computed tomography (CT) is shown, focusing on data acquisition, image reconstruction
techniques, and potential artifacts, also giving a description of what micro-CT means.
Finally the principles of grating based X-ray imaging are presented, including the
physical origin and interpretation of attenuation and phase-contrast.

2.1 Fundamentals of X-rays

X-rays are high energy electromagnetic waves consisting of photons with a short wave-
length of about 10 to 0:1 A. Longer wavelengths are considered to be in the range
of extreme ultraviolet (EUV), and shorter wavelengths are generally considered to
be in the gamma ray regime. The way X-rays interact with matter is in uenced by
energy-dependent mechanisms, including photoelectric absorption, Compton scattering,
and elastic scattering. Gaining a thorough understanding of these core interactions
is crucial for accurately interpreting signal generation in both attenuation-based and
grating-based X-ray imaging techniques.

2.1.1 Production and properties of X-rays

X-rays for medical and industrial imaging applications are usually produced with X-ray
tubes. The basic principle of an X-ray tube is shown in Fig 1. In these tubes, electrons,
emitted by a heated cathode, are accelerated toward a metal target (e.g., tungsten) by
a high voltage.
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Figure 1: Scheme of an x-ray tube. By a heating voltage Uy, electrons are emitted from
the cathode and accelerated towards the anode by a high voltage Uxrt. The electrons
interact with the anode material, which produces x-rays. These leave the x-ray tube
through an exit window. The gure is taken from [11].

Upon reaching the metal target, called anode, the electrons interact with the anode
material and photons are emitted via two mechanisms: Bremsstrahlung (braking
radiation) and characteristic radiation.

e Bremsstrahlung continuum: Caused by the de ection and deceleration of electrons
in the nuclear eld converting the energy of these electrons into x-ray photons.



Since, according to electrodynamics, every accelerated or decelerated charge emits
radiation with a radiation power proportional to the square of the acceleration,
this part of the spectrum is a continuous distribution with energies up to the
acceleration voltage. While the maximum photon energy is determined by the
acceleration voltage, the overall spectral intensity scales proportionally with the
number of electrons, which is determined by the heating current of the lament.

= Characteristic radiation: Arises when an incident electron ejects an inner-shell
electron (e.g., from the K-shell) from a target atom and the energy state is then
lled by an higher energy electron. The spectral lines of the characteristic X-ray
radiation appear only if the energy of the electrons, incident on the anode, is
su ciently high to excite atomic inner shell electrons into higher unoccupied
levels. An outer-shell electron then lIs this vacancy, releasing a photon with
energy equal to the di erence between the two electron shells’ binding energies,
producing discrete emission lines. These lines are unique to the target material
[22]. The emitted spectral lines are labeled according to the shell in which the
vacancy occurred (e.g., K or L) and the transition path (e.g., , ).

Di erent types of tubes can be used, where typical voltages range between 10keV and
200 keV. A schematic X-ray spectrum combining both bremsstrahlung and characteristic
radiation for a tungsten anode is shown in Figure 2. One can see the continuous spectra
as well as some characteristic peaks of the tube’s material.
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Figure 2: Sketch of the uence of X-ray emission over the photon energy in keV created
by an X-ray tube using 80 kVp acceleration voltage and a tugnsten anode. Several

peaks are seen on the right side of the spectrum, related to the characteristic peaks of
Tungsten. Plot created using [25].

2.1.2 Focal spot size

Another parameter that is very relevant for this work when discussing X-ray production
is the focal spot size of the source. Geometric unsharpness or blur refers to the loss
of de nition that is the result of geometric factors of the radiographic equipment and
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setup. It occurs because the radiation does not originate from a single point but emitted
over an area. When we examine the images below, which depict two sources of di erent
sizes, we can observe the paths of radiation from each edge of the source to each edge
of the sample feature, the areas of the Im exposed by this radiation, and the resulting
density pro le across the Im. The partially shaded region on the edge of the shadow
in an image, which is normally referred to as penumbra, is shown in red [23].

X-ray Spot

X-ray Point Source

Object

Detector

Detector

Figure 4: Sketch of the X-ray coverage

Figure 3: Sketch of the X-ray coverage
on a detector shown with a X-ray point
source. No blur is seen.

on a detector shown with a X-ray spot of
some quanti able size. Red lines joining
the inside and outside of the oval show the

size of the blur.

In the rst image, the radiation originates at a point source. Since all of the radiation
originates from basically the same point, very little geometric unsharpness is produced
in the image. In this case, the penumbra (illustrated by the thin black line on the edge
of the X-ray image on the detector) is nearly nonexistent. In the second image, the
X-rays are generated in a focal spot with some real diameter, not an ideal point source.
In this case, we can see (illustrated by the red lines on the detector) the penumbra
is quite a bit larger than with the point source. This is due to the fact that X-rays
from all areas of the spot are hitting the edge of the object at slightly di erent angles,
causing partial shading in the detector image. Depending on the setup geometry, this
e ect limits the resolution to values worse than the detector resolution. In the case of
micro-CT this e ect can be of big importance. The blur can be expressed as:

U = Ssource ((::d (@)
(0]

where U is geometric unsharpness (blur) on the detector, Ssource is the size of the X-ray
source spot, d, is the distance from the X-ray source to the object and dq the distance
from the object to the detector. For a micro-CT, we want dg values to be very small,
and dq values to be big, in comparison, in order to achieve a big magni cation. This
is why a small source is key in order to be able to see a clear image, because if not,
we would obtain a lot of blur. Detector components can also a ect this geometric
unsharpness.



2.1.3 Interaction of X-rays with Matter

X-rays interact with matter through discrete energy-transfer mechanisms that cause
attenuation (reduction in intensity) of the incident beam. These interactions depend on
the X-ray photon energy and the atomic number (Z) of the material, and determine
how much of the incident X-ray beam is transmitted, scattered, or absorbed. The
four ways electromagnetic radiation can interact with matter are: coherent scattering,
Photoelectric e ect, Compton scattering, and pair production. All of them will be
discussed in this section, apart from pair production, which has very high energies which
are not relevant to this work. The descriptions are based on [11] and [8].

The total attenuation of an X-ray beam passing through a material of thickness z can
be described by an exponential attenuation law, the Beer{Lambert law:

1(2)=1o( () 2 @)

where | g is the initial intensity, | (z) the transmitted intensity, and ( ) the wavelength-
dependent linear attenuation coe cient. This coe cient summarizes the contributions

of all interaction processes at the given photon energy. While photoelectric absorption
dominates at low photon energies and for high-Z materials, Compton scattering becomes
increasingly relevant at higher energies. Elastic Rayleigh scattering, although generally
weak, plays a role at low energies and in low-Z materials. At even higher photon energies
above 1.022 MeV electron{positron pair production start to happen, however it is not
relevant for this experiment.

Figure 5: Mass attenuation coe cient and its components for photons in carbon as a
function of photon energy. The contributions of photoelectric e ect, Compton scattering
(Incoherent scatter), and Rayleigh scattering (Coherent scattering) are shown separately.
Data taken from NIST webpage [15].

Figure 5 illustrates the energy dependence of the mass attenuation coe cient, which
characterizes how easily a mass of material can be penetrated by a beam of light, sound,
particles, or other energy or matter [2], and all of its components in a carbon sample.



Rayleigh scattering

Rayleigh scattering is also known as Coherent scattering. It takes place between a
photon and an entire atom. No electrons are released from the atom, and no energy is
transferred during this process. Therefore the photon only changes its direction but
keeps the same energy. It is a so called elastic scattering process.

Photoelectric e ect

Photons with energies higher than the binding energy of the atom can be absorbed
entirely by an inner shell electron in a process called photoelectric absorption. During
this process, the atom is ionized and an electron, which receives all the absorbed energy,
is freed. Any energy exceeding the binding energy is transferred to the electron as
kinetic energy.

Ekin = hv Whetal (3

Where h is Planck's constant, v the frequency of the incoming photon andW et the
work function of the metal. The vacancy left by the electron can be lled by an outer
shell electron under the emission of characteristic radiation. The cross-section of the
photoelectric e ect is given by:

photo | Z5=E3® (4)

where Z is the atomic number andE the photon energy. Due to the discrete nature of
ionisation energies, the cross-section of the photoelectric e ect contains sharp absorption
edges, where the photon energy surpasses the energy required to remove an electron from
an inner shell. The photoelectric e ect is especially dominant for materials with high
atomic numbers and falls o quickly with increasing energy. This strong dependence on
atomic number allows for a good di erentiation between bone-like material Zca = 20)
and the surrounding soft tissue (Z 7) in X-ray imaging.

Compton scattering

Compton scattering is also known as Incoherent scattering. An X-ray photon with
energy h sometimes collides with a quasi-free electron. The X-ray photon loses only
a part of its energy during the Compton collision. Thus, the scattered photon is of
lower energy when it continues its travel through the matter. The energy level of the
scattered photon can be measured under the scatter angle via the shift of wavelength:

h
MeC

(1 coy ) (5)

were heremg is the electron mass and c the speed of light in vacuum. The change of
the wavelength does not depend on the initial energy of the photon but only on the
scattering angle. Considering the scattering angle , at small angles, the energy loss of
the photon is minimal, whereas at larger angles (up to complete backward scattering:
= 180°, where this is maximum) the photon loses signi cantly more energy. One can
rewrite equation 5 as:
EC= E
1+ 721 cos)

(6)




2.1.4 Detection of X-rays

In order to use X-rays for imaging purposes, spatially resolved detection of X-ray photons
is required, and will be explained in this section, mainly referencing [8]. Since the main
interaction principles between X-ray photons and matter have been explained in the
section above, no new e ects have to be introduced to explain the interaction between
X-ray radiation and the detector material. Today, almost all modern CT systems are
equipped with scintillator detectors. Such a detector essentially consists of two main
components: A scintillator medium and a photon detector. When ionizing radiation,
such as X-rays, enter the scintillator material, it converts the X-rays into photons of
di erent wavelengths, commonly visible light. The amount and intensity of the emitted
light are proportional to the energy deposited by the radiation, so, in a rst step, the
short-wave X-ray radiation entering the detector is converted into long-wave radiation
(light) inside the scintillation media. Then, the emitted light is detected by a pixelated
sensor, such as a CMOS or CCD.

2.2 Computed Tomography

In this section, an overview of Computed Tomography will be given, how an image is
reconstructed from raw data, and, the importance of micro-CT for this thesis. Most of
this work is extracted from [8].

Computed Tomography (CT) is an imaging modality widely used for the visualization of
internal structures. Unlike conventional radiography, which projects a two dimensional
image of a three dimensional object, taking away one dimension, CT reconstructs
cross-sectional images by acquiring multiple X-ray measurements from di erent angles
around the sample. Rays are collected in sets called projections. These projections
are then computationally combined using reconstruction algorithms such as Itered
back projection or iterative methods to generate volumetric data. This section aims to
provide an overview of the data acquisition process and reconstruction techniques.

Angular Range

It is possible to rotate source and detector or to rotate the sample. In the experimental
setup used for this thesis the sample itself is mounted on a rotational stage, while the
source and detector remain xed. This arrangement is especially well suited for compact
laboratory based setups, as it simpli es the mechanical structure. To achieve accurate
image reconstruction, the system must collect projections over a minimum angular
range of 180 , ensuring that every region of the object is adequately sampled. This
is due to the fact that collecting projections over 180 is mathematically su cient to
reconstruct a cross-sectional image. Each ray path through the object at an angle
has a corresponding, but mirrored, path at + 180 , containing (essentially) the same
information. Doing this can reduce scan time. However, it is even better to sample over
360, as collecting projections over a full 360 can help reduce reconstruction artifacts,
especially for objects that contain high contrast features or are inhomogeneous. This is
because the additional angular data helps to Il in gaps and correct for inconsistencies
that may arise from limited angle sampling. For samples with complex shapes or varying
composition, 360 scanning ensures that all features are adequately captured from every
possible direction, leading to more accurate and reliable reconstructions. Reconstruction
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software is often optimized to reconstruct sample which are rotated fully, which is why
the samples in this thesis were always probed a full 360

Rotation Step

Another one of the important parameters to select when starting a CT scan is the
rotation step. This rotation step (in degrees) will determine how many projections are
acquired over 360 degrees of sample rotation. Choosing a rotation step that is too large
will result in undersampling, causing images with a lot of noise and artifacts, due to
an insu cient number of projections. Choosing a rotation step that is too small will
result in long scan times, enhancing the possibility of errors due to source instability.
[7] determines that for a detector size of around 2000x2000 pixels a rotation step of
0,15 -0,2 degrees can be taken optimally. In our measurements a rotational step in the
range of 0,2 and 0,5 resulted in good spatial resolution while keeping the integration
times short enough.

Image Correction

Flat- eld correction is essential for achieving accurate quantitative imaging in computed
tomography, as it compensates for both global and local detector inhomogeneities. This
is done by taking a at- eld image, without any objects shown on the detector, as well

as an image when the x-ray tube is o, normally called o set. From there, the o set is
subtracted from the ateld image and its projections, as well as the measurements
with the objects, and after, the images with the objects are divided by the reference
image. This correction is later applied to all the projection images in the micro-CT
setup obtained in this thesis. These images are commonly used to reference samples,
before performing more advanced experiments, for example, in grating based X-ray
phase-contrast imaging, and to reference the attenuation and dark- eld signal in those
setups [21]. Comparison between these reference images and the grating-based setup
ones, which will be explained later, can yield a lot of information on the way the setups
work and a great understanding on the characteristics of the sample, and is one of the
resarch topics of this thesis.

2.2.1 CT Image Reconstruction

Practical reconstruction algorithms have been developed to implement the process of
reconstruction of a three-dimensional object from its projections. These algorithms

are designed largely based on the mathematics of the Radon transform, statistical
knowledge of the data acquisition process and geometry of the data imaging system
[19]. An overview of the reconstruction process, which will be used in order to obtain

the 3D pictures of the samples from the projection x-ray images, is explained in this

section, mainly extracted from [18] and [31].

Once all projections are obtained, they have to be processed to be able to reconstruct a 3
dimensional image. CT image reconstruction refers to the mathematical transformation

of raw X-ray projection data, captured from various angles around the sample, into
detailed cross-sectional images. This process relies on a sequence of critical steps and
advanced algorithms to obtain good spatial resolution and signal to noise ratios images.
The raw projection data acquired in CT are commonly visualized in the form of a
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sinogram. A sinogram represents the signal recorded by a single detector row over a
range of projection angles. Each row corresponds to a speci ¢ rotation angle of the

X-ray source, while each column re ects a detector element. The resulting image shows

how the intensity measured at each detector pixel changes as the system rotates, as
illustrated in Figure 6.

Figure 6: lllustration of how a simple object's projection data is represented in a
sinogram. In some cases, the sinogram may be rotated by 90 degrees, which interchanges
the horizontal and vertical axes. High-attenuation structures such as bone appear as
bright regions, while soft tissues appear darker. Image taken from: [6]

If the measured intensities | have been normalized to a at- eld imagel o, the values
correspond to the transmissionT = I=l¢. A single point in the object produces
a sinusoidal trace across the sinogram due to the changing projection angle, giving
rise to the name \sinogram". Artifacts like detector defects manifest as distortions
in the sinogram, which propagate into the reconstructed image. The sinogram data
mathematically corresponds to the Radon transform of the object f(x, y), and can
be thought of as the graphical representation of the Radon transform. Introduced by
Johann Radon in 1917 [26], the transform describes how projections, the line integrals
of the object's attenuation values, are collected at di erent angles. Iff (x;y) is the
object, the Radon transform Rf (s; ) gives the projection at angle and distance s
from origin: Z,

Rf(;s)= f(scos tsin;ssin + tcos )dt @)
1

The mathematical problem of recreating a 2D image from a series of line integrals is
complex, but essentially, the problem here lies in inverting this sinogram, meaning, this
Radon transform. We will discuss how we can do that in the following.

Fourier Slice Theorem

To invert our raw data projections we can use the Fourier Slice Theorem. The 1D
Fourier transform of a projection at angle equals a slice through the 2D Fourier
transform of the object at the same angle [30].

FsTRf (;s)g= Fxy fT(Xy)g (8

Basically, what we are doing can be seen in Figure 7 and Figure 8. We are taking 1D
slices of the sinogram and converting them into slices of the 2D image of the sample in
frequency space. This is also called Central Section theorem, as the 1D slice transforms
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Figure 7: Sinogram of a certain x-ray Figure 8: 2D image in frequency space
projection. A slice for a certain angle (Fourier transform of the sample's image)
is seen surrounded in small red dots. obtained by taking the Fourier transform
Equation 8 can be applied to obtain the of the 1D slice (in red dots) in Figure 7
2D image seen in Figure 8. leading to the red slice in this gure. This

process is done for all angles.

always into a slice that goes through the center of the image, however, for each angle this
slice rotates. By collecting projections from multiple angles, the entire frequency space
can be lled, allowing the reconstruction of the original image. Now we have obtained a
2D slice image of our sample (we can picture this as having slices of our sample from the
bottom to the top in the z axis). Since low frequencies are inherently overrepresented
in this process, ltering becomes necessary to restore a balanced frequency response.

Filtering

Filtering corrects the overemphasized frequency components present by amplifying high
frequencies. Figure 9 (e/bottom) shows how the un Itered backprojections show a
blur, precisely because of this uneven consideration of frequencies. Each projection is
ltered with a special kernel, typically a ramp Iter. Often, Itering is performed in the
frequency domain by multiplying the Fourier transform of each projection by the lter,
then applying the inverse Fourier transform to return to spatial domain. This process

is called ( Itered) backprojection.

Filtered Projection = F 1[jwj FfRf(;s)g] 9)

Feldkamp David Kress

In the case of this thesis the classical Itered backprojection (FBP) is not used, but the
FDK (Feldkamp Davis Kress) algorithm for the reconstruction, which is an extension of
the FBP, that applies a special Iter in the frequency domain before back-projecting
the projection images. Instead of using plane beam geometry it is made for cone beam
geometry. The formula is approximate but has useful properties, including errors that
are relatively small in many practical instances and a form that leads to convenient
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computation. [13].

Figure 9: Accumulation of all backprojections of the high-pass Itered (d/top) and
un Itered (e/bottom) projection pro les for di erent numbers of projections  Np. From
left to right: Np = 2, 3, 10, 45, 180. Image taken from [30].

2.2.2 Micro-CT

Micro-computed tomography (micro-CT) is a version of CT, that allows the non-
destructive analysis of the 3D structural properties of small objects. Samples can be
imaged with pixel sizes as small as 100 nanometers and objects can be scanned as large as
200 millimeters in diameter [9]. The rst X-ray microtomography system was conceived
and built by Jim Elliott in the early 1980s. The rst published X-ray microtomographic
images were reconstructed slices of a small tropical snail, with pixel size about 50
micrometers [20]. Micro-CT enables detailed examination of the internal structures of
both material and biological samples without the need for physical sectioning, thereby
preserving the integrity of specimens or samples for future analysis. The quantitative
data derived from micro-CT is inherently three dimensional and cannot be replicated
using 2D imaging methods. Thanks to these capabilities, micro-CT is a very valuable
tool for analyzing sample morphology and investigating characteristics such as porosity,
bone or structural thickness, volume fraction, defects, density, particle size, voids, and
ber orientation, which is the direct cause of the topic of this thesis. It is widely used
across disciplines to study a range of subjects including bone, teeth, soft tissues and
organs, composite materials, medical devices, batteries, and more.

The working principle is almost the same as the conventional CT mentioned for experi-
mental setups. X-rays are generated in an X-ray source, and end up in a detector after
going through the sample probed. Rotation of the sample and image acquisition is the
same as in conventional CT imaging.
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Figure 10: Experimental setup of micro-CT, with carbon sample (small black chunk)
glued to a wooden base, mounted on the rotational stage. The black circular aperture
contains the x-ray source.

Instead of using very small pixel sizes, the object is magni ed by placing it closer to
the X-ray source, which increases the e ective resolution on the detector. In this setup,
the magni cation of the sample can be calculated taking the distance from detector to
source, X g5, and dividing it by the distance from sample to source,Xgs.

e L X
magnification = ~9 (10)
Xsts

This magni cation e ectively enlarges the projected image of the object on the detector,
allowing for features to be resolved more accurately without the need for physically
smaller detector pixels. However, increased magni cation also ampli es the e ects of
blur, as seen in Equation 2.1.2. That is why, high-resolution micro-CT systems often
require an extremely small X-ray focal spot (in the micron or sub-micron range) to
maintain image sharpness at high magni cations. This trade-o between magni cation,
source size, and image sharpness is a critical consideration in micro-CT system design.
Sample size also needs to be small (material needs to be manageable at those very
small sizes) in order to achieve a big magni cation within the entire eld of view of
the detector, otherwise artifacts emerge. In a big sample, the distance from source
to the object must be increased in order to image the entire sample, leading to a
lower magni cation. In Figure 10 sample is 7 mm away, while the detector is 310 mm
away from the source, which allows for a magni cation of more than 44. Such a small
sample allows an even further decrease in distance to the source. As we will see in the
following chapter, the setup of a rotational stage that correctly rotates and is aligned
with the source is key in such small distances, as the sample can easily go away from
the detector's sight.
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2.3 Grating based X-ray Phase-Contrast imaging

In this section the X-ray wave propagation and complex refractive index are introduced
in order to describe how X-rays interact with matter on a microscopic level. This will
allow to explain how phase shift is generated and give an overall overview of the e ects
this causes, and how this is used to obtain additional information in these grating based
setups.

2.3.1 Complex Refractive Index of X-rays

Following section is extracted from [24]. The propagation of X-rays through a medium
is governed by the wave equation, which, assuming a linear responding material like
most dielectric materials, with refractive index n, takes the form:

n2 d2

Zqe =0 (11)

For X-rays, the refractive index ny, is generally a complex number that deviates only
slightly from unity and can be written as:
Ny = 1 wt i w (12)

For a wave propagation in z-direction through an object with a refractive index ny,
wave equations can be solved using a plane wave, assuming a monochromatic wave with
angular frequency! , of the form:

(ri)= odkr M) (13)
The wave vectork is then modi ed according to:
k=jkoj=ko(l w+i w) (14)

wherekg = jkgj =2 = ¢ is the vacuum wave number, and ¢ the vacuum wavelength.
Assuming wave propagation only in thez-direction, the wave vector simpli es to k = k2,
where the z-component is given byk, = kon. Therefore:

k r=konz=koz(I w+i w) (15)

This leads to a modi ed wave equation:

(z;t)= oexp(ikoz(l w+i w) ilt) (16)
(z;)= o Fxp(lkgg I!tg Fxp( {lgo Wzg Fxp({zwkozg (17)
vacuumpropagation phaseshift attenuation

The rst term in Equation 17 represents the vacuum propagation of the wave. The third
term accounts for the attenuation of an X-ray beam as it passes through matter, which
is similar to the description of the Beer-Lambert law in Equation 2. The second term is
a phase factor that captures the shift in the phase oscillation, given byik ,z, due to the
presence of the material. This e ect can be seen visually in Figure 11. Measuring only
the intensity of a wave, the second term is lost and the phase shift cannot be measured.
Using a grating based setup, this phase shift can be measured.
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Figure 11: lllustration of the e ect of a complex refractive index on an X-ray wave.
Absorption leads to attenuation (red), while refraction causes a phase shift (blue). The
lower wave shows the unmodi ed reference. Image taken from [3]

2.3.2 Talbot Interferometry

Phase shifts cannot be measured directly. Instead, interference phenomenons are used to
indirectly measure the in uence of the phase shift on the wave eld. On the basis of the
Talbot e ect a grating-based X-ray Talbot interferometer can be designed, which consists
of two gratings: a phase grating (G1) and an analyzer grating (G2). Together, they form
an interference pattern that is sensitive to both phase shifts and small-angle scattering in
the sample. Hence, the full information of the complex refractive index (Equation 12) is
accessible by X-ray Talbot imaging. Most of the following overview is extracted from [21].

Talbot E ect
The Talbot e ect is an interference phenomenon, in which a periodic structure creates
images of itself at certain distances, known as Talbot distances, behind the structure
when under coherent illumination. For a plane monochromatic wave and absorption
gratings, the Talbot-distances are [24]:
2

dr = T (18)
where m is an integer, the wavelength of the incident light and p the period of the
grating. This works for absorption gratings, but also for phase gratings which absorb
very little X-rays but module a periodic pattern onto the phase front of an incident
wave. The phase shift depends on the grating height and the photon energy. Absorption
gratings are fabricated in the regime of elements with a high atomic number to achieve
high absorption with a reasonable grating height. Phase gratings, however, are fabricated
from elements with low atomic number, e.g. photo resists, ideally to induce only a
phase shift. Common designs include and /2-shifting gratings. Absorption gratings
primarily block transmission at the grating bar locations. The grating's duty cycle
D. = w=p, de ned as the ratio of gap width w to period p, is typically set to 0.5 to
maximize fringe contrast. High contrast interference fringes suitable for image signal
extraction only form at speci c fractional Talbot distances dir , which depend on the
grating design. At full Talbot distances dy , the self-image of the phase grating is
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Figure 12: Simulated Talbot carpet for a -shifting phase grating under monochro-
matic plane wave illumination. The image shows the intensity distribution along the

propagation direction. At speci c fractional Talbot distances, marked by orange lines,
high-contrast lateral fringe patterns appear due to near- eld interference. The frequency
doubling e ect, characteristic of -shifting gratings, is also visible. Image taken from
[14].

laterally uniform and does not produce a measurable modulation in intensity. For a
-shifting grating, usable self-images appear at distances:

2m 1
dr = 16 dri; m2N: (19)

where dr; is the rst Talbot distance. This con guration leads to a spatial frequency
doubling of the fringe pattern and allows higher fringe resolution downstream. A
simulated Talbot carpet illustrating this e ect is shown in Figure 12.

To capture this ne interference pattern, the analyzer grating G2 is positioned exactly
at such a fractional Talbot distance dit downstream of G1. G2 is an absorption grating
that acts as a sampling mask and enables the indirect detection of the periodic intensity
modulation. Its period p, is matched to the fringe period pt at the chosen Talbot
plane, allowing the fringe contrast to be measured via the phase-stepping procedure
explained in the next subsection. Refraction within the sample leads to a lateral shift
of the fringes, while small-angle scattering causes a local reduction in fringe visibility.
In real systems, several e ects such as the nite source size and poly-chromaticity of
the X-ray beam degrade fringe visibility. The resulting fringe pattern is a superposition
of multiple overlapping Talbot carpets for di erent wavelengths, as illustrated in [21].
Therefore, the exact placement of G2 is chosen to maximize fringe visibility.

Lau e ect

Since the Talbot e ect relies on interference, achieving high spatial coherence from
the source is also essential. This can be achieved by using a su ciently small source.
When using such a source, the X-rays are emitted in a cone beam geometry, causing the
Talbot pattern to magnify as the distance from the focal spot increases. Conventional
X-ray tubes produce spatially incoherent radiation. To enable interference under such
conditions, the so-called Lau e ect is exploited: a source grating GO subdivides the broad
beam into an array of narrow, mutually coherent beamlets. Each of these beamlets can
form its own Talbot pattern downstream. Without GO, the patterns from the extended
source would superimpose incoherently, and the interference signal would vanish. Setup
of a Talbot-Lau interferometer can be seen in Figure 13.
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Figure 13: Schematic of a grating-based X-ray Talbot-Lau interferometer with source
(S), gratings G0{G2, sample (O), and detector (D). Image taken from [28].

2.3.3 Phase stepping

The Talbot pattern is usually too small to be resolved so the grating G2, an analyzer
grating, is introduced to sample the pattern in the Phase stepping scheme. To sample
the Talbot pattern, the movement of the sample is replaced by the movement of the
gratings, so, the G2 grating is shifted along the Talbot fringes within at least one grating
period p2. The grating is moved in several equidistant steps in fractions of one grating
period of G2. For each so called phase-step one image is acquired. In this work, the
source grating GO was moved, which is mathematically equivalent to stepping G2, as
only the relative phase between the interference pattern and the analyzer grating is
relevant. The measured intensity values are plotted as a function of the phase-step
position for each pixel. A polychromatic extended X-ray source leads to a blurring of the
Talbot pattern and consequently blurs the phase-stepping curve to a sinusoidal curve.
The described phase-stepping procedure is performed once with the object (object
measurement) and once without the object (reference measurement). The parameters
of the two phase-stepping curves contain per pixel information about the contrast and
position of the underlying Talbot pattern.
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Figure 14: Principle of phase-stepping procedure: The analyser grating G2 is shifted
along the intensity pattern in x direction. For each grating position one image is

acquired and the resulting intensity values are plotted over the appropriate phase-step
positions for every pixel. This process is applied once for a measurement with object
and once without which leads to two sinusoidal curves. The images are taken from [21].

By comparing the object scan with a reference scan without the object (often referred to
as a at- eld image), the in uence of the object onto the wavefront can be reconstructed,
and the following three signal modalities can be derived.

2.3.4 Modalities of image acquisition

The change in the phase-stepping curve encodes the information required for retrieving
the additional image modalities. A sinusoidall intensity curve

)= A sin 24 4 (20)
P2

is tted to the object (obj) and reference (ref) phase-stepping curves depending on the
grating position x respectively phase positionzp—’z‘. With the gained parameters mean
intensity |, amplitude A and phase the images can be extracted.

Attenuation Image
The attenuation image is calculated from the mean intensity of the phase-stepping curve.
It is de ned as the ratio of the mean intensity of the object scan to that of the reference
scan:

In Lobj = (22)

I ref

In this form, highly absorbing materials will be seen as areas with values close to zero.
Areas where little to no absorption takes place will produce pixel values close to one. In
this sense, attenuation image behaves very similarly to the CT absorption images process.

Di erential Phase Contrast
The di erential phase-contrast (DPC) image is obtained from the phase shift
between the object and reference phase-stepping curves Figure 14:

= ref obj (22)
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This contrast arises due to refraction of X-rays at interfaces within the object, which
causes a slight angular de ection of the wavefront and shifts the Talbot pattern recorded
by the detector. The DPC image is sensitive to a change in thickness of the object.
Areas where no target is present share their di erential phase value with areas where a
target of constant thickness is present. The edges, where the thickness changes rapidly,
produce an easily visible signal within the DPC image.

Dark eld

The dark- eld signal arises from ultra-small-angle X-ray scattering (USAXS), where X-
rays are scattered by tiny structural variations, such as pores, bers, or grain boundaries.
These features are generally much smaller than the spatial resolution of the imaging
system. While they do not cause signi cant absorption or refraction, they induce
slight angular deviations in the wavefront, which locally distort the interference fringes
and produce changes in the stepping curve. As a result, dark- eld imaging is highly
sensitive to microstructures that would otherwise be invisible in traditional attenuation
or phase-contrast images. In Talbot-Lau imaging the reference visibility is an important
quality parameter. The visibility V can be de ned as contrast:

I max I min A
V= "= = _ 23
Imax + I'min | ( )
The dark- eld image is then derived from the relative reduction in visibility V of the
interference fringes caused by the small-angle scattering within the sample.

(24)

The dark- eld image therefore provides information about how strong the intensity
Talbot pattern of the phase grating G1 is disturbed, i.e the contrast of the pattern
decreased. The more edges, brous or granular structures are located in a sample, the
stronger is the dark- eld signal. Furthermore, if hardly any attenuation occurs there
could nevertheless be a dark- eld signal. The mean intensities of reference and object
measurement could be similar, while the corresponding amplitudes di er a lot. These
characteristics of the dark- eld images come to play an important role in this thesis, as
we will look at these images searching for such microstructures, comparing them with
the images obtained in the micro-CT.

Directional X-ray dark- eld imaging

A typical Talbot-Lau interferometer consists of unidirectional gratings. Scattering of an
incoming X-ray wavefront at micrometer-sized structures in a sample leads to a local
destruction of the wavefront. The Talbot pattern reproduces the unidirectional shape of
the grating bars. In consequence, the pattern is only sensitive to the wavefront gradient
in the direction perpendicular to the grating bars. Thus, a dark- eld signal occurs
only for scattering contributions in that direction. The parallel scattering contributions
do not have an in uence on the shift (di erential phase image) or the contrast of the
Talbot pattern, seen in Figure 15. This enables a reconstruction of ber orientations
and a degree of anisotropy, usable for further structural analysis.
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Figure 15: Principle of directional dark- eld imaging. Scattering which occurs in
sensitivity direction (perpendicular to the grating bars), leads to a measurable change
in the contrast of the Talbot pattern (bottom part of brous T-shape and edges of
top part). In case of scattering which is perpendicular to the sensitivity direction, the
Talbot pattern is not reduced in contrast (top part of brous T-shape). Image taken
from [21].
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3 CT Imaging

One of the goals of this thesis is to accurately set up and commission a micro-CT setup.
In order to do so, rstly, a description of the experimental tools used in this thesis
is given. Then calibration of the micro-CT setup is discussed, as we need to ensure
that we are obtaining accurate data. This part is quite important as it directly a ects
the accuracy and quality of the reconstructed 3D images. This chapter also presents
the rst experimental data. Finally and overview of the data obtained is given and
transmission images are analyzed to extract some general information about the sample
that will be useful when the 3D reconstruction is made.

3.1 Micro-CT Experimental Setup

The nal micro-CT measurement setup used in this thesis will be explained in this
section. A Finetec Feinfocus 160FOMM microfocus X-ray tube is used as an X-ray
source [17]. It achieves up to 8 W with source sizes smaller than Bn . This source spot
size changes with the power applied, with a smaller spot when currents and voltages
are decreased, of around & , and growing in size to 5m , when the voltage and
current are increased. The X-rays are detected using a Teledyne dalsa shadobox 6k
HS detector, which is a scintillator detector, placed at a distance of 310 mm. The
Shad-0-Box HS detectors contain internal shielding to protect the sensor and camera
electronics from x-ray radiation. The cameras are optimized for the 40-160 kV energy
range, but may be used with x-ray energies as high as 225 kV, and has a pixel size of
49 m . Some detectors can be equipped with di erent scintillators in order to optimize
their sensitivity and resolution for a given application. In particular, the Shad-o-Box
digital x-ray camera can be equipped with di erent scintillator options at the factory to
match a speci ¢ energy range or resolution requirement [33]. This is important, because
the choice of material is critical, as it depends on the desired quantum e ciency for
the conversion from X-ray to light and on the time constant for the conversion process,
which determines the afterglow of the detector. The entire metal seen at the right of
Figure 17 is the X-ray tube. It is focused onto the circular window, which is called a
transmission target, so the source point is directly on this target. The x-ray is precisely
located at the edge of the aperture, so we can just measure the distance to the sample
and to the detector from the circular aperture. The rotation stage, which can be seen
in Figure 16, consists of two linear axes to set the magni cation and move the sample
in and out of the focus of the detector (allowing to take the reference measurements
without manipulating the setup), and a rotational axis to rotate the sample. The
axes are mounted onto a groundplate, which contains 3 micrometer screws that allow
adjustment of the alignment of the rotational axes. The base of the rotation axis is a
thick metallic rod which bumps into the base of the x-ray microfocus tube. In order to
be able to get the sampler closer to the source, a thinner rod was manufactured. This
was done as other attempts using wooden sticks yielded uneven rotations, making the
sample steer out the focus of the setup. Even the manufactured rod had to be scraped
on the top and base in order for the rotation to be as accurate as possible, showing the
importance of the rotation alignment for this thesis. A slight change in the rotation
base yields a clear di erence in images. In the following gure the nal setup of the
micro-CT is shown.
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Figure 16: Rotation axis setup. Guide lines are given to show the size of the setup. 1
shows the three screws that allow to adjust the height of the supporting metallic base
of the setup (groundplate). 2 shows a circular rotating screw that allows for the axis to
be moved closer or further away from the x-ray source, with an accuracy of 0.1 mm. 3
refers to the actual rotation controller, which has a visual rotating scale. Below this,
in a darker color, another controller is pictured, which allows lateral movement of the
sample to focus in and out of the detector. 4 is the base of the rotating axis, which
can be adjusted in height. Here a thin rod can be mounted in order to achieve a big
magni cation without bumping into the base of the x-ray tube.
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