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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 fibers 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-field imaging to probe the internal structure of two representative materials, a
carbon fiber composite and a titanium fiber 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 fibers influence mechanical stiffness and failure behavior. In titanium, grain
size, porosity, and microcracks can significantly impact fatigue life and biocompatibility.
Conventional surface imaging techniques like optical or scanning electron microscopy
offer 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-field 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-field data, the thesis aims to answer what specific 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, first explaining how images are filtered, 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 influenced 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 Ujs, electrons are emitted from
the cathode and accelerated towards the anode by a high voltage Uxrr. The electrons
interact with the anode material, which produces x-rays. These leave the x-ray tube
through an exit window. The figure 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 deflection and deceleration of electrons
in the nuclear field 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 filament.

e 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
filled 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
sufficiently high to excite atomic inner shell electrons into higher unoccupied
levels. An outer-shell electron then fills this vacancy, releasing a photon with
energy equal to the difference 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., a, ).

Different types of tubes can be used, where typical voltages range between 10keV and
200keV. 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 fluence 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 definition that is the result of geometric factors of the radiographic equipment and



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 different
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 film exposed by this radiation, and the resulting
density profile across the film. 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].
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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 quantifiable size. Red lines joining
the inside and outside of the oval show the

size of the blur.

In the first 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 different angles,
causing partial shading in the detector image. Depending on the setup geometry, this
effect limits the resolution to values worse than the detector resolution. In the case of
micro-CT this effect can be of big importance. The blur can be expressed as:

U= Ssom“ce . % (1)
(o}

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 dy the distance
from the object to the detector. For a micro-CT, we want dy values to be very small,
and dg values to be big, in comparison, in order to achieve a big magnification. 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 affect 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 effect, 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:

I(z) = Io(=p(X) - 2) (2)

where [ is the initial intensity, I(z) the transmitted intensity, and p(A) the wavelength-
dependent linear attenuation coefficient. This coefficient 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.
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Figure 5: Mass attenuation coefficient and its components for photons in carbon as a
function of photon energy. The contributions of photoelectric effect, 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 coefficient, 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 effect

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 — Wmetal (3)

Where h is Planck’s constant, v the frequency of the incoming photon and W,etq; the
work function of the metal. The vacancy left by the electron can be filled by an outer
shell electron under the emission of characteristic radiation. The cross-section of the
photoelectric effect is given by:

Ophoto X Z5/E»:35 (4)

where Z is the atomic number and E, the photon energy. Due to the discrete nature of
ionisation energies, the cross-section of the photoelectric effect contains sharp absorption
edges, where the photon energy surpasses the energy required to remove an electron from
an inner shell. The photoelectric effect is especially dominant for materials with high
atomic numbers and falls off quickly with increasing energy. This strong dependence on
atomic number allows for a good differentiation between bone-like material (Z¢, = 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 6, via the shift of wavelength:

h

meC

AN =

(1 —cos(0)) (5)

were here m. 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 8, at small angles, the energy loss of
the photon is minimal, whereas at larger angles (up to complete backward scattering: 6
= 180°, where this is maximum) the photon loses significantly more energy. One can

rewrite equation 5 as:
y E

B = 6
1—1—%(1—0059) (©)




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 effects 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
different wavelengths, commonly visible light. The amount and intensity of the emitted
light are proportional to the energy deposited by the radiation, so, in a first 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 different angles
around the sample. Rays are collected in sets called projections. These projections
are then computationally combined using reconstruction algorithms such as filtered
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 fixed. This arrangement is especially well suited for compact
laboratory based setups, as it simplifies 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 sufficient to
reconstruct a cross-sectional image. Each ray path through the object at an angle 0
has a corresponding, but mirrored, path at 6 + 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 fill 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



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 insufficient 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-field 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 flat-field image, without any objects shown on the detector, as well
as an image when the x-ray tube is off, normally called offset. From there, the offset is
subtracted from the flatfield 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-field 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



sinogram. A sinogram represents the signal recorded by a single detector row over a
range of projection angles. Each row corresponds to a specific rotation angle of the
X-ray source, while each column reflects 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.

Object Sinogram

Figure 6: Illustration 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 I have been normalized to a flat-field image Iy, the values
correspond to the transmission 7' = I/Iy. 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 different angles. If f(z,y) is the
object, the Radon transform R f(s,0) gives the projection at angle # and distance s
from origin:

oo
Rf(@,s):/ f(scos@ —tsinf, ssinf + tcosf)dt (7)

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 6 equals a slice through the 2D Fourier
transform of the object at the same angle [30].

Fo{Rf(0,5)} = Foy {f(2,9)} (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

10



1

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 figure. 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 filled, 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, filtering 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 unfiltered backprojections show a
blur, precisely because of this uneven consideration of frequencies. Each projection is
filtered with a special kernel, typically a ramp filter. Often, filtering is performed in the
frequency domain by multiplying the Fourier transform of each projection by the filter,
then applying the inverse Fourier transform to return to spatial domain. This process
is called (filtered) backprojection.

Filtered Projection = F 7 [|w| * F {Rf(6,5)}] 9)

Feldkamp David Kress

In the case of this thesis the classical filtered 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 filter 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

11



computation. [13].

Figure 9: Accumulation of all backprojections of the high-pass filtered (d/top) and
unfiltered (e/bottom) projection profiles for different numbers of projections N,. From
left to right: N, = 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 first X-ray microtomography system was conceived
and built by Jim Elliott in the early 1980s. The first 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
fiber 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.

12



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 magnified by placing it closer to
the X-ray source, which increases the effective resolution on the detector. In this setup,
the magnification of the sample can be calculated taking the distance from detector to
source, Xgs, and dividing it by the distance from sample to source, xs¢s.

ths

Lsts

(10)

magni fication =

This magnification effectively 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 magnification also amplifies the effects 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 magnifications. This trade-off between magnification,
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 magnification within the entire field 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 magnification. In Figure 10 sample is 7 mm away, while the detector is 310 mm
away from the source, which allows for a magnification 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.

13



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 effects
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:

n? d? 9

For X-rays, the refractive index n,, is generally a complex number that deviates only
slightly from unity and can be written as:

Ny =1 — 0y + 18w (12)

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

U(r,t) = Poelkr—wb) (13)
The wave vector k is then modified according to:
k = |ko| = ko (1 — 6y + iSw) (14)

where kg = |ko| = 27/ )¢ is the vacuum wave number, and \g the vacuum wavelength.
Assuming wave propagation only in the z-direction, the wave vector simplifies to k = k2,
where the z-component is given by k, = kgn. Therefore:

k-r=konz=koz(1l— 0y +1iby) (15)

This leads to a modified wave equation:

U(z,t) = Wgexp (ikoz(1 — §y + iSy) — iwt) (16)
U(z,t) = Wq - exp (tkoz — iwt) - exp (—ikodywz) - exp (—Buwkoz) (17)
vacuumpropagation phaseshift attenuation

The first 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 by ikd,,z, due to the
presence of the material. This effect 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: Illustration of the effect 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 unmodified 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 influence of the phase shift on the wave field. On the basis of the
Talbot effect 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 Effect
The Talbot effect 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]:
ap = " 18
=T (18)
where m is an integer, A 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 7 and 7/2-shifting gratings. Absorption gratings
primarily block transmission at the grating bar locations. The grating’s duty cycle
D, = w/p, defined 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 specific fractional Talbot distances dy7 , which depend on the
grating design. At full Talbot distances dr , the self-image of the phase grating is

15



P O O R RO O O O g

P e R, Ly L O T ST 2

D e =P, WO O O Oy O

P i i e i e s o i

1 - shifting

“T/ 16 }d'r/ 16 dr

Figure 12: Simulated Talbot carpet for a w-shifting phase grating under monochro-
matic plane wave illumination. The image shows the intensity distribution along the
propagation direction. At specific fractional Talbot distances, marked by orange lines,
high-contrast lateral fringe patterns appear due to near-field interference. The frequency
doubling effect, characteristic of w-shifting gratings, is also visible. Image taken from
[14].

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

om — 1
dp = m16 -dr1, meN. (19)

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

To capture this fine interference pattern, the analyzer grating G2 is positioned exactly
at such a fractional Talbot distance dyr 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 po is matched to the fringe period pr 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 effects such as the finite 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 different wavelengths, as illustrated in [21].
Therefore, the exact placement of G2 is chosen to maximize fringe visibility.

Lau effect

Since the Talbot effect relies on interference, achieving high spatial coherence from
the source is also essential. This can be achieved by using a sufficiently 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 effect 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 GO-G2, sample (O), and detector (D). Image taken from [28].
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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 flat-field image), the influence 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 sinusoidal I intensity curve

2

I(z) = A-sin (” + @) +1 (20)
P2

is fitted to the object (obj) and reference (ref) phase-stepping curves depending on the

grating position x respectively phase position 2;2”” With the gained parameters mean

intensity I, 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 defined as the ratio of the mean intensity of the object scan to that of the reference

scan: I
'=—-In (ObJ) = p. (21)
Iref

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.

Differential Phase Contrast
The differential phase-contrast (DPC) image is obtained from the phase shift A®
between the object and reference phase-stepping curves Figure 14:

AD = Dpop — Dy (22)
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This contrast arises due to refraction of X-rays at interfaces within the object, which
causes a slight angular deflection 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 differential 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.

Darkfield

The dark-field signal arises from ultra-small-angle X-ray scattering (USAXS), where X-
rays are scattered by tiny structural variations, such as pores, fibers, or grain boundaries.
These features are generally much smaller than the spatial resolution of the imaging
system. While they do not cause significant 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-field 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 defined as contrast:

V= Ima:p - Imm _ A (23)
Ima:): + Imzn 1

The dark-field image is then derived from the relative reduction in visibility V of the
interference fringes caused by the small-angle scattering within the sample.

DF = —log (1‘//_063> (24)
ref

The dark-field 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, fibrous or granular structures are located in a sample, the
stronger is the dark-field signal. Furthermore, if hardly any attenuation occurs there
could nevertheless be a dark-field signal. The mean intensities of reference and object
measurement could be similar, while the corresponding amplitudes differ a lot. These
characteristics of the dark-field 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-field 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-field signal occurs
only for scattering contributions in that direction. The parallel scattering contributions
do not have an influence on the shift (differential phase image) or the contrast of the
Talbot pattern, seen in Figure 15. This enables a reconstruction of fiber orientations
and a degree of anisotropy, usable for further structural analysis.
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Figure 15: Principle of directional dark-field 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 fibrous 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 fibrous 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, firstly, 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 affects
the accuracy and quality of the reconstructed 3D images. This chapter also presents
the first 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 final 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 5 pm. This source spot
size changes with the power applied, with a smaller spot when currents and voltages
are decreased, of around 3um, and growing in size to 5um, 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-o-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 pum. Some detectors can be equipped with different 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 different scintillator options at the factory to
match a specific energy range or resolution requirement [33]. This is important, because
the choice of material is critical, as it depends on the desired quantum efficiency 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 magnification 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 difference in images. In the following figure the final 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
magnification without bumping into the base of the x-ray tube.
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Figure 17: (Left) Complete setup of the micro-CT is shown. At the left side of the
image the detector, a black rentangle on a white base is mounted on a metal supporting
plate. On the right, the metal encapsulation of the x-ray microfocus tube, distinguished
by two tubes at the top. Right below, the rotation axis, sketched in Figure 16, with a
black base, and a blue scale that indicates visually the rotation angle. (Right) A closer
image at the thin rod used to hold the sample. Typical sample sizes measured in this
setup are below 1 mm. X-ray source is right at the edge of the black circle

3.2 Alignment of rotation axis

The mathematical algorithms discussed in section 2.2.1 assume the sample rotates
around a fixed and well-aligned axis. If the rotation axis is even slightly misaligned or
offset, it can introduce significant distortions in the reconstructed images. Furthermore,
working with samples so small, and magnifications so big, a part of the sample not
showing at a particular angle of the rotation is very likely. Once calibration is made, the
absorption images are looked at, as the base and a first indicator on which structures our
sample might have. After the alignment is discussed, flatfield images for both samples
will be looked at and analized.

The rotational axis as a whole has to be aligned parallel to the detector plane, as to
avoid changing the magnification during rotation and parallel to the pixel columns. To
ensure a precise rotational geometry in our CT setup, we implemented an alignment
procedure for the rotation axis relative to the detector plane. For this purpose, three
small metallic spheres were attached to a thin plastic rod using a small amount of
glue, see Figure 18. The spheres were positioned at different vertical heights along the
rod. This rod was then fixed into the sample holder, which rotates during scanning,
at an angle of approximately 20° from the vertical. Measurements in the x and y axis
positions of the spheres were performed in order to align this rotation with the detector
plane. This alignment idea was taken from the works of [14], and was refined to further
increase the precision.
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Figure 18: 3 metallic spheres glued to a plastic rod. This configuration was later
mounted to the rotational stage, in order to calibrate the alignment of the rotation axis.

Several scans were performed with an X-ray tube voltage of 40 and 80 kV and a
current of 200 uA. For each alignment measurement, a total of 72 projection images
were acquired, taken with a angular sampling distance of 5°. From these images, the
Flat-field correction discussed in subsection 2.2 is applied. From the acquired corrected
projection images the positions of the spheres were detected using the center of mass
function from the scipy.ndimage package, which provided the (x, y) pixel coordinates of
the sphere centers for each angle. For each sphere, the mean and standard deviation of
the vertical position (y) were computed. In this direction, the standard deviation of
the y values provides a first overview about the position of the X-ray beam center. A
sphere placed precisely at the height of the iso ray, defined as the central ray that strikes
the detector perpendicularly, will show minimal vertical movement during rotation,
and therefore should show a standard deviation of y coordinates of 0. Conversely,
spheres located above or below this central ray will display sinusoidal variations in the
y-direction, a result of the cone-beam geometry, visually displayed in Figure 19.
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Figure 19: Sketch of how the rotation of a sphere, marked with a green arrow and dots,
which is not in the center of the source beam will produce a image with a difference in
height in the detector screen.

With this first approach one could determine the height of our beam, in order to set
the middle sphere in the precise center of the beam. This is the position we want to set
up our sample in.

In the x direction, ideally, if the rotation axis is perfectly aligned perpendicular to
the detector, all three spheres should share the same mean x position. Any variation
suggests a tilt or misalignment of the axis relative to the detector plane. The horizontal
(x) positions were analyzed using a slightly different method. Instead of relying on each
individual value determined by the scipy package algorithm, the mean x positions were
calculated by averaging pairs of opposing projections, such as scan 1 and scan 37, which
are 180° apart. This technique minimizes the effects of projection distortion, as well as
poor determination of the spheres center in the python algorithm, and offers a more
reliable estimate of the rotation axis’s horizontal position within the detector plane,
compared to just taking all the x positions of the spheres. The resulting trajectories
(see Figure 20 and Figure 21) reveal the circular motion of the beads, enabling visual
evaluation of both symmetry and vertical displacement. The statistical values obtained
of the movement of the spheres is seen in Table 1.

Sphere | X: Mean (px) | X: Std Err (px) | Y: Mean (px) | Y: Std Dev (px)
Sphere 1 1456.51 5.16 225.94 3.93
Sphere 2 1461.47 4.24 866.43 0.32
Sphere 3 1466.37 4.38 1483.48 3.01

Table 1: Summary Statistics for Each Sphere (X and Y mean and standard deviation
values), for the detected positions of the three spheres in the alignment setup, with
the use of the scipy.ndimage package. Standard error is calculated taking the standard
deviation and dividing it by the square root of the number of projections taken.

This alignment idea was the work of [14], however, a further step was taken in this
thesis, to try and set up the rotation axis as perfectly as possible. Taken the previous
explanation as a first approach, the trajectories of the spheres were analyzed. As they
are ellipsoidal, one can estimate the center of the ellipsoidal movement taking the x and
y coordinates of the spheres, and averaging the position of pair of opposite coordinates.
This gives a set of points, from which one can make a linear fit. This linear fit serves
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Figure 20: Detected trajectories of the  Figure 21: Detected trayectories of the
three metal beads over 72 projections. three metal beads with a background im-
The trace shape provides visual feed- age of the mean of the 72 image projec-
back on vertical variation and symmetry, tions, which gives a visual tool to check
with minimal vertical deviation indicat- the functionality of the scipy.ndimage al-
ing proximity to the iso-ray. gorithm.

as a reference line, the semi-major axis of the ellipse that the spheres have, seen in
Figure 23 and Table 2. Ideally these lines are perfectly aligned with the detector pixel
grid in horizontal direction. However, when tilted, the fit of these lines will give a slope,
from which one can extract the deviation angle from the horizontal x axis using the
arctangent.

angle = tan™*(slope) (25)
to(0) = ° (26)

Then, we again use the tangent function to geometrically solve how we need to tilt
our detector. This can be more clearly seen in Figure 22. The base of the rotation
axis has dimensions of 220x140 mm, which gives us the distance b. Once extracted the
angle from the slope obtained using Equation 25, we can obtain a from Equation 26 the
distance a, which tells us how much is our rotation base deviated in a certain direction.
From here, we need to compensate this height deviation. Screws, shown in Figure 22 as
circles, allowed to move in the upwards or downwards direction the base of the rotation
axis. FEach turn of the screw would yield a height increase or decrease, depending on
the direction, of 0.25 mm.

In this case, one would expect to obtain 36 points (pairwise center of 72 coordinates),
however the algorithm was not smooth enough to obtain all the points, as it left out the
ones who could not correlate well within a certain threshold. However, as one can see
visually in Figure 23, this does not pose a problem to obtain the center of the ellipsoids
correctly.
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Figure 22: (Left) Sketch of the metallic supporting base of the rotation axis. The 3
screws are here pictured as circles. Distances are shown in order to plug them in for
calculations. (Right) Sketch of an angle and the sides of a triangle, to help visualize the
deviation in height for a certain angle.

Sphere

Linear Fit Equation

R2

Sphere 1
Sphere 2
Sphere 3

z = —0.0076y + 302.67
z = —0.0103y + 951.40
z = —0.0112y + 1572.18

0.977
0.996
0.968

Table 2: Linear Fit Equations and Coefficients of the linear fit equation for each sphere

From the values in Table 2 one can extract the tilt of the axis setup, which in this
measurement case was of —0.59 4+ 0.06 degrees. After correcting for this tilt in the
setup, the improved determination of the deviation angle reduced the tilt angle to
—0.0540.02 degrees. It is not possible to correct this small value with enough precision
(minimal value of 0.06 degrees). If we take a look again at Equation 26 we will see that,
introducing the height change of one turn of the screw, this change can only occur with
less than a full turn of the screws.
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Figure 23: (Left) Lines represent the ellipsoidal movement of the spheres. Dashed lines
represent the central line (linear fit) of the ellipsoid formed by the sphere’s movement.
Axis are rotated in the detector, and not switched on this image, which is why image
appears tilted. Highest Y values correspond to the lowest height values in the setup.
Highest X values correspond to the left side of the detector, looking at it from the
source. (Right) Linear fit of the opposite points obtained from the x-y coordinates of
the center of the spheres.

One would think half a turn could yield a better result, however, due to the way the
setup is built, a movement in one direction would in turn affect a bit the values in other
areas of the base of the rotation, meaning a full turn of the screws was somewhat more
precise (one can see in Figure 16, the setup, as well as in Figure 22, that there are only
3 screws, and not 4, meaning one side of the base is more accurately moved than the
other). Even a full turn of the screw has a very tiny error. Taking into account the
size of our detector (in number of pixels), the pixel size, and this deviation angle, we
can estimate a maximum deviation in the image of 100 microns, which would mean we
have a maximum deviation of around 2 pixels in a 2940x2304 pixel size detector. This
sounds like too much at first, but can be considered a good enough approximation. The
scintillator actually worsens the resolution to about 2 pixels [27]. So this is enough to
have aligned the rotation axis and to start taking sample measurements.
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3.3 Carbon Sample Analysis

The carbon sample is prepared, firstly by taking a very small piece out of it. Full sample,
in the case of carbon has a size of 50.3x50.3 mm, and the size of the titan sample,
22.9x22.9 mm, see Figure 24. In the same figure we can in fact see at the corner of the
samples, a small piece that’s missing, which corresponds to the part taken out. These,
due to their large size, cannot be used in the micro-CT setup. These small pieces are
taken out of the sample and glued to the rotation base.

Figure 24: (Left) Image of the full carbon sample. At the top right corner of the sample,
the piece that is missing is the one extracted to measure in the micro-CT. (Right) Image
of the full titan sample measured in the grating based setup. The small piece extracted
can be seen at the bottom corner of the sample.

First images include a wooden base, as this was used to keep the sample from falling
down in the metallic rod. This was later not needed when the new manufactured
rod was included in the setup. According to the laboratory from which this sample
was sent, there are 4 layers of fibers within the 1mm thickness of the sample, where
some layers have a specific orientation of the fibers and others 90° shifted to that. The
carbon fibers are inside of thermoplastics, which most likely have very similar absorption
characteristics as the Carbon fibers. We also now the number of these fibers is low.
Performing a Flat Field correction, process mentioned in section subsection 3.2, we
obtain our first look at the carbon sample measured, in the setup seen in Figure 10. A
single projection at a given angle is seen in Figure 25. This image is taken with the
X-ray tube at a voltage 25 kV and a current of 200 A, a acquisition time of 1 second
for the detector, and the sample at a distance of 7 mm from the source. This results
in a magnification of around 44, using Equation 10. An iterative rotation angle of 0.2
degrees was taken, meaning for each slice the sample is rotated 0.2°. This carbon sample
stands out, as it doesn’t absorb much radiation. Bottom part of the image shows parts
of glue, and the wooden platform, which is not perfectly flat. In other sections of the
sample, that can be seen in the appendix in Figure 48, the wood structure can be more
clearly seen. One would expect a low absorption in the carbon sample, given firstly its
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Figure 25: Flat field corrected transmission image of the carbon sample mounted in
the rotational stage. As the image with object is divided by the background, radiation
transmission from the detector is given in relative values, which can be seen in the
colorbar in the right. Light blue colors mean a low absorption, darker blue colors mean
a bigger absorption. Base of the image corresponds to the absorption of wooden base
and glue that sticks the sample and base together. Rectangle object is the carbon
sample.

low atomic number, and secondly the thin width. As is seen, almost all, around 0.8 of
the radiation, is transmitted, however no microstructures or differences in transmission
within the sample are shown. Also, in the inner middle part of the sample there is
a small region with higher absorption, seen also from several other angles, possibly
indicating another type of material that has glued to that part of the sample. Optically,
no distinction can be made by looking at that point of the sample, indicating that the
defect is within the material.

Another important point in the analysis are possible fluctuations, as x-ray tubes can
experience fluctuations in their output, both in terms of voltage and intensity. In many
x-ray systems, the voltage applied to the tube is not perfectly stable but fluctuates
during the exposure. These voltage variations can directly affect the intensity and
energy spectrum of the generated x-rays, rising above the preset value at the start of
the exposure and then gradually decreasing to the set value or the other way around.
Degradation in the tube can also affect the intensity terms. These fluctuations can be
mainly affected by the refrigeration of the x-ray tube. The fluctuations in the very short
timescales, which are usually called Ripples [16], are not considered here, as taking a
reference image for each projection measured would increase too much the measurement
time. We can however check for the long term fluctuations and perform a noise analysis
to check the short term stability. In order to see the long term fluctuations, a flat field
correction can be compared taking a background measurement before measuring the
sample, and one after the full process is completed, which in the case of this thesis is
about 2 hours.

There are no hard edges in Figure 26, which means that the source location seems to
be stable. The differences in absolute transmission values between the images are in
the range between 0.03 and -0.03, while the mean difference value is of 0.007, below
a 1% change, indicating a very low level of change between the two images. To try
to see fluctuations during the measurements, without actually taking a background
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Figure 26: Image A shows a flat-field corrected image with background taken before
measurements. Image B background is taken after the measurement of the sample is
complete. Tamge C shows the difference in values between Image A and image B.

reference image after each projection, a free field noise analysis is done. The process
done here is to take a small region of the image with no object. Then the mean value
of the pixels inside that region is measured and compared with the rest of the images
mean values of that same region. This allows us to see the change in the background
values, which, ideally would not change. Taking a look at Figure 27, we see change is
minimal, apart from the first 8 images, which are a bit of outliers. Again values stay
within a small range. If we take the standard deviation of this curve we obtain a value
of 0.001, meaning we can correctly measure changes in the transmission image up until
0.1%, the point where the noise doesn’t allow more precision. This in turn allows us
to confirm the very good overall stability of the x-ray tube in this micro-CT, so no
corrections are needed to compensate for the fluctuations, as expected, in a x-ray setup
without gratings.

Frequency
Mean Pixel Value

0996 0997 0.998 0.999 3 100 200 300 400 500 600 700
Mean Pixel Value Image Index (Time)

Figure 27: (Left) Histogram of Background Mean Values. This value is the mean value of
all the pixels in a certain background zone without object, for all the flatfield corrected
images taken. Values are shown in frequency, with a spike around 1.000. (Right)
Fluctuation in Background Pixel Value Over Time. Curve plot of the background mean
values for all the flatfield corrected images.

We can now take an even closer look at our carbon sample. Upgrading our setup, which
could be seen in Figure 10, a thin rod is introduced, replacing the thicker metallic
base rod, which can be seen in the final mount of the experimental setup, explained in
section subsection 3.2, which allows for a stable rotation and the possibility to approach
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the sample to distances of 1 mm. In this case, a new part of the carbon sample is
approached 4 mm to the source.
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Figure 28: Flatfield transmission image of the carbon sample 4 mm away from the x-ray
source, meaning a magnification of 77,5. Colorbar displays the relative absorption. In
yellow, the background, yields almost unity values, as no object absorbs radiation. In
green absorption objects are seen, darker colors mean bigger absorption. Carbon sample
is seen as a rectangle. In the bottom of the image, a higher absorption object is seen,
the rod from the rotation axis. The other light absorption form is the glue that sticks
the rod and the sample together.

Again not a lot of absorption is seen. Absorption rate is very similar, altough a bit
lower than before, due to the lower integration time. In any case one cannot still resolve
any microstructure. In fact, no structure at all is seen on the sample, even with a 77,5
magnification factor. With this magnification, taking into account that:

S

Serf =7 (27)
where S is the pixel size, S.rr the effective pixel size and M the magnification, and we
have a pixel size of 0.049 mm, we find that our effective pixel size is approximately 65
nanometers. When at 7 mm the effective pixel size is of 115 nanometers approximately,
S0 a bit more than a micron. We also need to take into account the focal spot size,
which in this case, is of 3 micrometers. Cosidering everything our setup should be
able to resolve and see microstructures of around 3 microns when sample is probed
at 4 mm. In any case we don’t see them. Even when taking a look at other angles,
no perceivable structure is seen Figure 49. Having taken a look at two different parts
of the carbon sample, figures show very similar absorption (apart from the strange
point of absorption seen in Figure 25) but no microstructures whatsoever in the flatfield
images, which could lead to think that this sample is an unstructured carbon piece
or made from another material. We expected to see some layers of fibers, however,
as the carbon fibers are inside of thermoplastics, which most likely have very similar
absorption characteristics, the contrast is too small, so we do not see the fibers in the
micro-CT transmission image. Taking into account our resolution limit and the noise of
the detector we should be able to see the fibers inside this sample but we don’t. The
explanation for this can lie on the similarity of absorption between the thermoplastic
layers that encapsulates the carbon fibers and the fact that we have very few carbon
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fibers. In that case, with a sufficient amount of the thermoplastic material contrast
wouldn’t be enough to distinguish them from the carbon fibers. A 3D reconstruction
will be later done to check if more information can be extracted from the projection
images and a further analysis can be done on this sample. At this point, comparison
with the titan sample becomes even more important, to check whether the setup works
correctly and can actually resolve microstructures.

3.4 Titan Sample Analysis

In this part, the titan sample is probed and we have a look at the projection images
obtained. For this a small piece of the sample seen in Figure 24 is cut away and
glued onto the rotating rod. While we don’t have a bibliography regarding the data of
this sample, a previous lab work indicates that this sample has a fiber like structure,
consisting on fibers of around 20 micrometers in diameter. Measurement process is the
same as in subsection 3.3, however, as this sample absorbs a lot more of radiation, a
first glance at the sample showed that varying the x-ray tube parameters allowed for a
clearer image. The parameters used in the X-ray tube in this case for the titan sample
are a voltage of 60 kV and a current of 400 pA. Titanium is a relatively high-Z element,
so a higher absorption is precisely what one would expect. This increase in voltage and
intensity has to be accounted in the measurement time of the detector. Acquisition
time had to be reduced significantly, from 1 seconds to 0.3 s in order to compensate
for the increase in count number. This is due to the detector saturating, reaching its
maximum capacity, in turn giving an error. Source spot size also increases a bit when
the voltage and current are increased, as discussed in subsection 3.1. In this case, we
go from having a 3 micrometer source spot to a 5 micrometer source spot, which in
turn means that the effective structure that this setup can resolve now is of around 5
micrometers, using Equation 1.
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Figure 29: (Left) Flatfield image of the titan sample at a 6 mm distance from the
source. Colorbar indicates the relative transmission. Sample is seen in dark blue. Green
absorption objects shown in the bottom of the picture correspond to the rotation base
rod, and the glue that sticks the sample and rod together, which absorb less radiation.
(Right) Flatine image of the titan sample at 4 mm distance from the source.

In Figure 29 we can see two projection images, at 6 mm and 4 mm distance from the
source. As one can see, the difference in size is clearly shown when we position the
sample closer to the tube. The difference in absorption, as expected, is big between this
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and the carbon sample. In this case, using again Equation 27, we have a magnification
of around 51 when the sample is 6 mm away, and a magnification of 77,5 in the 4 mm
case. No cracks or voids are seen, however we do see some type of structure showing
already in the projection image, distinguished by the change in contrast. Fibers are
seen, as some parts of the sample clearly absorb more radiation than others. This is
a great indicator to show that the setup works, and that we can actually distinguish
very small structures. In Figure 49 several angles of the sample are shown, where one
can see the appreciable structure of the sample. These projections already indicate
that a 3D reconstruction could yield a lot of information about the structures, and
the following process will allow us to check whether these projection images are good
enough to obtain a valuable CT-reconstruction.
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4 3D Reconstruction

In this section, the 3D reconstruction of the investigated samples will be shown. For the
reconstruction, the Dragonfly software was used [12]. Other softwares are available for
the 3D reconstruction of CT projection images, but the one used in this thesis is the beta
version of the CT reconstruction in Dragonfly. Dragonfly’s CT Reconstruction module
includes the bench-marked Feldkamp-David-Kress (FDK) algorithm for reconstructing
2D cone-beam projection data into 3D volumes, briefly looked at in section 2.2.1. In
addition, geometry readers are provided for commercial CT scanners, however this was
not used in this thesis. The parameters that the software takes are angle iteration, source
to sample distance, source to detector distance, detector spacing, which means the pixel
size of the detector, and detector and source offset. To note, the detector size in pixels is
big (2940x2304 pixels), yielding datasets of more than 40 GB. This was something that
this software couldn’t handle. In order to be able to reconstruct the samples, cutting the
images was needed to reduce the amount of data and in turn reduce the size of the array
given to the software. Further explanations will be given for each of the images obtained.

4.1 Carbon Sample Reconstruction

The 3D reconstruction of the carbon sample was done with the images taken at 7 mm,
meaning all the projections at all angles from the dataset of Figure 25, a single slice. As
previously stated, images had to be cut in order for the size to be reduced. In this case,
the full sample was kept in sight, as it didn’t occupy the whole detector screen, however,
the base was cut, as well as other parts of the image that only had background. This
in turn is a potential error source, as the optical beam of the x-ray source is taken to
be in the middle of the projection images. A parameter allows the correction in the
x direction of the optical beam, however, the software does not clearly state what is
done in the y direction. This can be a problem because we are working with cone beam
geometry, and as stated in subsection 3.2, changes in the y direction might lead to a
blur in the image. This is noted, as it can be a source of blurring that appears in our
final reconstruction image. In all cases and for both samples, a ring removal filter was
applied, as in all the reconstructions obtained a ring-type artifact was seen in the 3D
display. These artifacts, which were discussed in Figure 2.2.1 show up here, and are
corrected via filters, so that the final images are more clear.
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Figure 30: 3D reconstruction image of the carbon sample, from the micro-CT projections
of the sample 7 mm away from the x-ray microfocus tube.

Unfortunately, it is hard to visualize a 3D object in a 2D thesis paper. This is much
better visualized on a screen that can rotate and zoom in on the sample. However,
we can see with the flatfield image the similar structure of the sample, which means
reconstruction was successful. Once reconstruction is done, filters are applied to try
and remove as many artifacts as possible, such a the ring removal filter, which tries
to remove some rings that are usually formed in the CT images reconstruction [29].
Figure 30 shows the reconstruction of the carbon sample, which again, as expected
seeing the projection images, yield an object with no clear structures. The edge of
the sample can be clearly seen of the left part of the image, and some layered like
structures can be barely seen at the top of the sample. This is again caused by artifacts,
which were not removed by any filter, showing as well where there is no sample in the
background, which is the clear confirmation that the structure that we see on the top is
not caused by a real structure inside the sample, but really on the reconstruction process
itself, which causes artifacts. We will see with the titan sample that we are able to
reconstruct and measure fibers of 20 pum in size, and, in theory, with the magnification,
we would be able to measure fibers of around 2 micrometers, depending on the detector
noise and the real deviation from the rotation axis. So the reconstruction does not
yield any additional information to the projection images obtained. What we can say
is, because of the way this fibers are embedded in the thermo plastics, and these have
similar absorption to the fibers, both are seen as the same in the micro-CT, which are
the cause of not seeing anything. One would need to increase the contrast between
these fibers and the plastics, for example with an even smaller focus spot, in order to
distinguish them, to be able to characterize them properly.

4.2 Titan Sample Reconstruction

Titan Sample Reconstruction

Two 3D reconstructions were done for the Titan sample. Again this is due to the size
of the dataset. For both data at 6 mm and 4 mm size was too big to handle in the
reconstruction software. In the case of the 4 mm source to sample distance dataset,
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in which the sample occupied the whole screen, cutting the edges was not enough, so
a small piece of the sample was reconstructed, in turn not allowing a picture of the
whole sample. Another dataset was used in order to see if a reconstruction of the whole
sample was possible.

Figure 31: 3D reconstruction image of the titan sample, from the micro-CT cut
projections of the sample 4 mm away from the x-ray microfocus tube. Line scale is
provived at the bottom of the sample, where the distance equals 1 mm.

In the case of the 6 mm source to sample distance dataset, as the sample occupied less
part of the screen, cutting the edges of the background was sufficient to reduce the size
of the dataset for the software to handle. In Figure 31 and Figure 32 we see these two
reconstructions of the sample. Both are plotted individually for better visualization.
A ring removal filter was applied to both of them. In Figure 31 the reconstruction
of a part of the 4 mm distanced sample is seen. Titan fibers are clearly seen in a
darker gray, with a shadow like color at the edges. Reconstructing the whole 6mm
distanced sample yields as well a very nice image, seen in Figure 32. For larger distances,
magnification is decreased, which is the reason why the fibers look smaller. The whole
picture is useful to get an idea of the overall look of the sample, as the fiber directions
are more clearly seen in this full picture. As we can see, there are some preferential
orientations of the fibers in the sample. There are some tools as well on the Dragonfly
software that allow to obtain information about the fibers, as we will see in the following.
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Figure 32: 3D reconstruction image of the full titan sample, from the micro-CT
projections of the sample 6 mm away from the x-ray microfocus tube. Two scales are
provided. One line in green, to contrast with Figure 31, equals 1 mm distance. In the
bottom part of the sample, a line scale of distance 100 micrometers is shown.

In this thesis, the Dragonfly software is employed for the automated extraction and
analysis of individual fibers from the titan sample. At first, the segmentation process
uses the Open Fiber Segmentation algorithm [1], which provides an efficient approach
for fiber identification and segmentation in 3D imaging data. The segmentation algo-
rithm operates on a region of interest (ROI) that contains a mask (only values from a
certain threshold are selected). After, it identifies each individual fiber and assigns a
unique label to it, resulting in a multi-ROI output. If we take a look at a part of the
reconstructed object obtained, we can see Figure 33, where colors (labels) are given
to the detected fibers. Each label represents an instance of a distinct fiber within the
dataset, enabling further analysis and characterization of the fiber properties. The
process requires only minimal user input to define critical fiber parameters, including
the minimum fiber length, the maximum stitching distance, which defines the maximum
distance over which two disconnected fiber segments can be stitched together to form
a single fiber, and a few other parameters which define how the fibers are searched.
Once the fibers are segmented, the output dataset allows for a detailed analysis of
the fibers’ length and orientation distribution. By leveraging this automated fiber
segmentation tool, the study would in theory efficiently process large datasets of fiber
like structures, providing valuable metrics for material characterization without the
need for extensive manual intervention. This method would significantly enhance the
accuracy and scalability of fiber analysis. However, it wasn’t able to work with a good
enough accuracy for all the slices of the sample. As this is just a beta version, the
software crashed and didn’t correctly identify the fibers. This can be due to several
factors. Firstly, the fibers touch each other, are interlaced, and a lot of them are joined
together. This, because of the way the algorithm is built, makes it very difficult to
separate the fibers from each other. Secondly, the images are a bit blurry. Here perhaps,
the small misalignment and noise error from the detector plays a role, not allowing to
obtain a better contrasted image, and, even though a lot of different input parameters
were tested, perhaps not the optimal ones were inputted. This blur in the slices makes
the segmentation process challenging.
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Figure 34: 3D reconstruction image of the cut titan sample, from the micro-CT
projections of the sample 4 mm away from the x-ray microfocus tube. Two small green
dots are marked, from one side of a fiber to the other, from which the software tool
calculates a distance of 21.10 micrometers.

Figure 33: 2D slice of the reconstruction image of the cut titan sample, from the
micro-CT projections of the sample 4 mm away from the x-ray microfocus tube. In
colors, some fibers obtained through the fiber segmentation process are shown, others
are wrongly identified fibers. Slice has some blur, which makes the segmentation process
difficult.

Since automated software tools didn’t work, manual intervention tools were needed
in order to obtain information about the fibers. In a first step, a measuring tool
was used to record the size (diameter) of several fiber. As seen in Figure 34, two
marks are made manually, from which the software calculates the distance between
the points. This visual tool is only an approximation, and can be done with a limited
set of data, however, for this repeated process, a mean of 20.52 pum distance was
obtained for 10 fibers, which correlates very well with the expected values of around
20 micrometers of fiber size, again taking into account 10 fibers is a very small set of data.

Then, fiber segmentation process is made manually. This is done by first applying a
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Figure 35: 3D reconstruction image of the cut titan sample, from the micro-CT
projections of the sample 4 mm away from the x-ray microfocus tube. In colors, fibers
obtained through the manual fiber segmentation process are shown. In blue, a plane is
used to split the sample to be able to access the interior fibers.

limit threshold that allows us to select only the clearly defined fibers. Then, a 3D
selection tool is used to manually ’paint’ the fibers in the 3D image. For this another
tool is used in order to access the interior part of the sample, and not only select the
outside fibers, which is the plane split. This essentially creates a plane and allows to
make a part of the sample invisible. This process can be pictured in Figure 35, where
we see colored fibers, as well as a plane tool that allows to split the sample in order to
access the interior fibers. This method has two problems to take into account. Not all
the fibers are painted, which means that we could be inducing a preferred direction of
the fibers just by painting in a certain direction and leaving other directions unselected.
This is a problem with most humans, as they are not good enough at making random
things. Secondly, selection tool is not always precise. We can not paint fibers that
overlap or touch each other. This is because the segmentation process is done after
the selection, meaning once we paint, the program connects all the components in
the region of interest and assigns a label to each of the obtained fibers. If we select
two distinct fibers that touch each other this software will identify it as one single
fiber, again misleading when we compute measurements. Some individual pixels are
sometimes selected by mistake, inducing error in the posterior analysis of the fibers.
This is why selected fibers with less than 60 pixels are deleted. And also, the selection
tool might sometimes only paint the outside of the fiber, the fiber partially or directly
not paint some part of the fiber that was selected by the user. This process is not as
optimal, however, in the end gives some good estimates and fibers selected are actually
fibers, unlike in the automatic process, where a lot of the labels were put on random spots.

Figure 35 shows the manual fiber segmentation process, and how the fibers are labeled.

Lots of fibers are however left unlabeled, so this has to be taken into consideration when
analyzing the results obtained. We can now compute some measurements regarding the
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Figure 36: Histogram of the frequency as a function of the ¢ angle of the fibers’
orientations.
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Figure 37: Histogram of the frequency as a function of the 6 degree of the fibers’
orientations

manually selected fibers. This is again done automatically by the Dragonfly software.
Computed in the world coordinate system, Phi and Theta describe the orientation
of the longest axis of the sample. This is visually shown in Figure 38. The phi (¢)
angle, Figure 36, which can range from 0 to 90 degrees, is the angle between the Z
axis and the longest axis of the object. The histogram shows a significant peak around
80°-90°. This indicates that most fibers are oriented nearly perpendicular to the x-axis
in the xy-plane, suggesting a preferred alignment of fibers in a specific direction. The
concentration at this range might reflect the sample’s production or preparation process,
such as a fibrous orientation due to external forces like stretching or processing, so
essentially, how this sample was manufactured. A small spread is seen in all other
directions, showing there is a small amount of fibers aligned in every direction. On
the other hand, the theta () angle, Figure 37, which can range from -180 to 180
degrees, is the angle between the X axis and the projection of the longest axis of the
object on the X-Y plane. A peak of orientated fibers can be seen at an angle around
-57,30°. These preferred orientations, which can already be seen in some way in the
3D reconstruction figure of the sample, are confirmed in these histograms. These
orientations suggest that we should obtain some sort of signal in the dark-field image,
as these changes in orientation fibers should yield a phase change. These results are to
be taken carefully, as we have said, the segmentation process can lead to a lot of er-
rors, so while the results are what we would expect, this can only be taken as an estimate.

We could also compute the particle radius mean, which would in turn give the diameter
of the fibers, information that we can contrast well. However, due to the segmentation
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Figure 38: Sketch of the representation of Phi (¢) and Theta (#), which describe the
orientation of the longest axis of the sample. ¢ is the angle between the Z axis and the
longest axis of the sample while 6 is the angle between the X axis and the projection of
the longest axis of the sample on the X-Y plane.

process used to select the fibers this structure size measurement cannot be done in
detail. To many errors are present on this computation, so no more information was
extracted from the sample.
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5 Directional Dependent Darkfield Imaging

In this chapter, we will look at both samples previously examined, switching to the
grating-based dark-field imaging setup. An initial analysis of the data obtained in this
setup will be performed for both samples. A comparative analysis will also be done,
with previous information obtained in the CT imaging. An overview of the theoretical
part was given in subsection 2.3, however an overview of the actual setup will be given
in the following.

5.1 Setup of Phase-Contrast Scanner

The measurement setup used in this thesis is a grating-based Talbot-Lau X-ray inter-
ferometer in the form of a vertical scanner setup, with the source being the Titan-neo
tube [34]. Parameters, shown in Table 3, are set to obtain the highest visibility (30 to
more than 50 %) for wide spectra at acceleration voltages between 40 and 70 kV [5].
The X-ray source is an ISOVOLT Titan neo X-ray generator and an X-ray tube with a
tungsten anode [4]. There is a 2 mm thick aluminum protective filter and an additional
0.2 mm thick copper protective filter, which is located at the exit window of the X-ray
tube and yields a more suitable x-ray spectrum for this imaging system.

Figure 39 shows a photograph and the schematic layout of the scanner setup. The
absorption grating GO is an absorbing grid, which provides the necessary spatial
coherence of X-ray radiation through which the Lau effect, referred to in subsection 2.3
is produced. The phase lattice G1 is a 7/2-shifting grating. Approximately at a
fractional Talbot distance from G1, the absorption grating G2, which serves as an
analyzer grating and is assembled together. The distance from which the grating G2 is
put from G1 is checked with simulations, as the Talbot distance is energy dependent,
and this setup is a polychromatic system, meaning that the intensity patterns of all
energies overlay. The phase grating G1 and the analyzer grating G2 are composed of
several 10 x 50 mm individual gratings. The phase stepping curves depend on the
alignment of the individual lattices relative to each other and differ therefore partially
from one another. The individual lattice parameters of the structure are shown in Table
1. The grating height corresponds to the thickness of the mesh along the optical axis
and the duty cycle gives the ratio between the width the lattice bars and the lattice
period.

Grating GO | G1 G2
Material Au | Au | Au
Period [pm] 13.31 | 5.71 | 10.00
Grating Height [pm] | 200.0 | 6.3 | 200.0
Duty Cycle 0.66 | 0.30 | 0.50
Source Distance [mm] | 150 | 750 | 1190

Table 3: Grating Parameters of the Setup.
The detector is a CMOS detector (Shad-o Scan 4501) which works by integrating energy,

meaning that it measures the total energy deposited per pixel [10]. A reference image
without an object is captured using the phase stepping method for image acquisition,
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explained in subsection 2.3. To do this, the source grid is moved by 2 grating periods
into approximately 80 equidistant points. When the object is recorded, the movement
is replaced by the movement of the object. Scanning reconstruction process is fully
explained in [5].

Detector Detector
L O T

G2

Analyser Grating G2
G1

Scan Direction
Phase Grating G1 | Y
X

Scan Table

=g Source Grating GO

X-ray tube

Figure 39: (Left) A photograph of the scanner setup is shown. The orange X-ray tube
is located in the lower part of the image, above which is the GO. The scanning table is
located between the GO and the G1 and is moved horizontally during the scan, above
which the rotation controller is put. The G2 is positioned at approximately a fractional
Talbot distance from G1. Above that, there is a detector 1385 mm away from the source.
(Right) Schematic representation of the scanner setup. The scanning direction is the
x-direction. The grating, detector, and object table are in the x-y plane. The lattice
bars are oriented along the y-axis. The optical axis runs in the z-direction. Image taken
from [32].

This reference analysis of the setup’s visibility is shown in Figure 40. The section in
the middle is taken as the zone to place our samples, as it shows the highest visibility
values. Values of maximum visibility go up to 70%, but the mean visibility used is
around 55%, which is very good for this type of setup.

44



0.7

10

N
o

8

Pixel (Y-direction)
Visibility

&

60

0.0

0 500 1000 1500 2000
Pixel (X-direction)

Figure 40: The visibility map of a reference recording at 50 kV accelerating voltage can
be seen. Shown in the image is only the zone used for the measurements, as the values
obtained outside this zone were affected by the rotating stage.

5.2 Image Acquisition and Artifact Correction

Firstly, it is of importance to note that in this setup we are measuring both carbon
and titan samples. However, as the characteristics of the micro-CT setup only allowed
a very small sized sampled to be measured, only parts of less than 1 mm extracted
where shown. Here however the full samples, seen in Figure 24, are probed, as the
analysis of a smaller object becomes much harder in this detector (magnification on
the other detector had a very big value), and we also want to check if we can see the
different orientations present in the carbon sample. The entire samples are taken, as
seen in Figure 24, one of the main advantages of dark-field imaging, as we can examine
a significantly large field of view within a short span of time. The samples were placed
in a rotation axis that allowed the 360° rotation in the x-y plane. This plane where the
sample is put onto the scanner table is the same as the one in the reconstruction process,
subsection 4.2, which allows us to directly contrast the information obtained. Images
were taken at iterations of 10°, producing a total of 36 images for each sample. The
parameters for the x-ray tube were 50 kV in voltage, 12 uA in current, values optimized
for this grating setup, where the current is nearly at its maximal value for the voltage
applied [5]. Integration time of the detector was of 50 milliseconds. Taking a first look
at the obtained images we see a lot of noise can be produced in the images, especially
in the dark-field, as these images are very sensitive to changes and perturbations. The
carbon sample, as expected, does not produce a lot of absorption.
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Figure 41: (Left) Absorption image of the carbon sample in the grating setup. (Right)
Dark-field image of the carbon sample. Lighter tones of blue mean a higher absorption.
The square that is tilted represents the sample. Blue horizontal lines appear, which are
scanning artifacts.

In Figure 42, the dark-field image is noisier in the upper part than in the bottom. There
is a blue horizontal line in the middle of the image, and at the top these lines repeat
themselves often. If we take this into numbers, the mean standard deviation from the
middle up is a bit higher than from the middle down. This can be caused by some
thermal influences, but more likely the gratings don’t work as well as they are supposed
to. Either there are some defects in the grating or the gain correction does not correctly
work here. In any case, dark-field imaging is very sensitive to small scattering, so noise
is more easily introduced than in the absorption image.
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Figure 42: (Left) Absorption image of the titan sample in the grating setup. (Right)
Darkfield image of the titan sample. Lighter tones of blue mean a higher absorption.
The square that is tilted represents the sample.
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In dark-field images, unwanted background gradients or instrument artifacts can reduce
subtle phase variations from the sample. We can introduce a filter to try and correct
these artifacts. The filter used here, is designed to remove background variations in
dark-field images. The goal is to obtain a ”flattened” image where the background is
closer to zero. In the following figures, the artifact corrected images from both samples
are shown.
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Figure 43: (Left) Filtered absorption image of the carbon sample in the grating setup.
(Right) Filtered darkfield image of the carbon sample.
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Figure 44: (Left) Artifact corrected absorption image of the titan sample in the grating
setup. (Right) Artifact corrected dark-field image of the titan sample. Lighter tones of
blue mean a higher absorption.
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These images are clearer from artifacts, even though they are not completely removed.
As visible in Figure 44 (Right), from the middle up there are still more artifacts than
from middle part down. This is an effect, probably caused by defects in the gratings,
that will have an impact in later analysis.

47



Figure 45: (Left) 50x magnified image of the carbon’s sample structure. Seen are small
fibers embedded in thermoplastic layers.. (Right) 1000x magnified image, where the
fibers at a 90° angle can be seen. Blue circles are put in a couple of fibers, showing their
size. These images are not a result from a measurement of this thesis, but an external
measurement from which information was extracted, and are shown here to illustrate
the real structure of the carbon sample.

The initial observations align well with the micro-CT data, as the carbon sample consis-
tently exhibits low absorption and scattering. This is primarily due to the overlapping
and perpendicular arrangement of the carbon fibers, which leads to destructive interfer-
ence and consequently a diminished carbon signal, as illustrated in Figure 43. Also, the
number of fiber appears to be small to generate a big signal. The images in Figure 45
were extracted from another setup that was not used here or part of this thesis, and are
given as an illustration of the carbon structure and why it might present its behavior
both in the micro-CT and grating-based setups. Although one might anticipate a
stronger signal given the presence of fibers, of around 40 micrometers, that could induce
scattering, the observed outcome, a weak signal, is both expected and consistent with
the sample’s structure. Unfortunately, even with this setup only the information known
can be contrasted, but no new information can be gained from the grating-based scanner.

Meanwhile, the titan sample shows more absorption, again expected, as in the flatfield
image, taking into account the high Z value of the titanium, and a significant value in
the dark-field image. This was to be expected, from subsection 4.2, as the preferred
orientations from the fibers predicted a signal in the dark-field image. We can now
perform a further analysis on the dark-field images of both samples to try to contrast this
first information outlook, and also to see whether more information can be extracted.

5.3 Darkfield Image Analysis

One of the main interests in this thesis is to correlate the data obtained in the micro-
CT, regarding the microstructure characteristics, with the data obtained in dark-field
imaging. For that we will analyze the dark-field signal images of both samples. From
the already filtered ones, analysis is performed by identifying a small part of the sample,
called region of interest (ROI), seen in Figure 46 in red, taking the mean value of all
the pixel values from that region and repeating the process following that same ROI
when the sample is rotated. This process can be seen in the appendix, in Figure 51.
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This same method was used for both the carbon and titan samples. That way we can
check for directionally dependent absorption in the samples, which would indicate the
presence of a directionality preference in the fibers orientations. This is because, as
briefly overviewed in subsection 2.3, changes in the dark-field indicate different direction
of the microstructure present in the sample. In this setup, highest values would be
yielded if the fibers were orientated in the direction of the gratings, and zero signal
would be seen if all the fibers were orientated at a 90° angle from the grating.
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Figure 46: Filtered darkfield image of the titan sample. Colorbar shows the relative
signal. Region of interest is displayed as a red square. From this region the values
averaged over all of the pixels of this zone are taken over all the 36 obtained images to
check for direction dependant absorption.

This method encounters a problem when stepping in and out of the artifact in the
middle, and, in general, with the artifacts in the image. This is why the position of the
ROI has to be considered carefully, to try to avoid as much the artifact region. Center
of rotation of the sample is also a key parameter to determine in order to be able to
correctly assign the rotation of the sample to the rotation of the ROI and measure the
same zone of the sample for all images. This is key, as different parts of the sample can
exhibit different behaviors, depending on the fibers properties.
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Figure 47: (Left) Mean values of the pixels in the region of interest for the dark-field
image of the carbon sample. (Right) Mean values of the pixels in the region of interest
for the dark-field image of the titan sample. In red dotted lines, a sin function fitted to
the data is shown.

Shown in Figure 47, the mean dark-field values for the ROI of the samples are shown
over all the angles probed. Carbon sample shows an almost linear response, indicating
little to none direction dependent absorption. This was expected, as a the overlay of
the different layers present in the carbon sample, which have different orientations,
has in principle no directional dependence. When we go to the (right) display, we can
see a sine like behavior in the titan sample. A sine function is fitted into the data to
visually display the behavior of the dark-field values when the sample rotates. This
shows that the fibers are not isotropically distributed but that there is a mean direction
of the fibers, which makes sense, considering the preferred orientation angle from the
titan fibers seen in the 3D reconstruction. As discussed in Figure 2.3.4, a perpendicular
orientation from the fibers with respect to the grating would yield no dark-field signal.
Here, a minimum at around 50 and 230 degrees is shown. The minimum at 50° is
coincident with the fiber orientation peak of -57 degrees obtained in subsection 4.2, and
when rotated as well with the following minimum. The estimations calculated in the
reconstruction seem to correlate well with the data obtained in this setup. Taking a
look at the absorption of the samples, very similar absorption ranges are seen in the
micro-CT setup, although different x-ray tube settings are used to measure each sample
in each setup, which is why different absorption spectra are seen for the same sample,
but in a very similar range. Carbon sample absorbs much less radiation than the titan
sample in both setups. Looking as well as the analysis of the dark-field signal, the low
signal of the carbon indicates these overlapped fiber directions, which don’t produce
a lot of scatter, whereas the preferred orientation of the titan fibers in turn produce
a much stronger signal. This complementary analysis of the samples is an indicator
that the micro-CT images and data obtained can serve as reference images for the
grating-based setup. One can correctly obtain data from the micro-CT that one can
correlate with the grating-based setup. Computed calculations however, especially in
the fiber segmentation part, were much of an estimation, so this previous statement
again has to consider all the possible error sources.
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6 Outlook and Conclusion

To summarize the findings, this thesis has managed to set up a working micro-CT, that
has micrometer resolution, aligning it with to the detector plane with an innovative
approach. It has estimated the characteristics of a titanium sample, imaging its mi-
crostructure, where fibers of around 20 micrometers in diameter could be seen. It also
correctly characterized the direction and preferred orientations of these fibers, as was
checked with the dark-field images of the sample. The information from the already
established Talbot-Lau interferometer setup correlated well with the data obtained from
the micro-CT, and further reinforced our micro-CT findings as well as the possibility
to complement these two setups in future measurements. Micro-CT images can serve
as reference images for the grating-based setup and can yield information on what to
expect before measuring the sample in the Talbot-Lau interferometer. However, it
was not able to correctly characterize and image the microstructures from the carbon
sample. As discussed in subsection 4.1, the complex layout of the sample, where the
supposed small number of fibers was embedded in a thermoplastic material that had
similar absorption, did not allow to show this microstructures in any image. From this,
insight can also be gained, as it has shown not every structure can be imaged in this
setup. A more comprehensive analysis is left in order to study which types of these
complex structures cannot be imaged in the micro-CT setup, and which errors could be
further corrected (alignment and detector noise) in order to improve the resolution and
sensitivity.

This thesis has demonstrated the capability of imaging microstructures using micro-
computed tomography (micro-CT), establishing it as a powerful, almost non-destructive
method, as you need to have either a small sample, or cut your way to a sample that
can fit in the detector, in order to reveal the internal structure of materials at the
microscale. Through careful acquisition, reconstruction, and analysis of 3D datasets, we
have shown that micro-CT enables a rich, spatially resolved characterization of samples,
particularly when investigating morphological features such as fibers. However, further
improvements into the software reconstruction and fiber parameter measurements is
needed in order to obtain more accurate data. Fibers could be clearly seen in the titan
sample, however the interlacing of them posed a problem for their segmentation and
posterior analysis.

Beyond conventional absorption-based contrast, the work has also explored the com-
plementary strengths of grating-based X-ray phase-contrast imaging, with a particular
emphasis on the dark-field signal. Unlike absorption imaging, which is primarily sensitive
to differences in material density and composition, the darkfield modality is uniquely
sensitive to unresolved microstructures, such as fiber orientations, grain boundaries,
or sub-resolution scattering centers that would otherwise remain invisible. In this
regard, dark-field images add a new dimension of contrast, capturing textures and
fine structural information that complements the morphological insights gained from
micro-CT reconstructions, although the main data obtained from the samples in this
thesis came from the micro-CT setup and its reconstruction. The integration of both
imaging approaches reveals a compelling synergy: micro-CT provides a volumetric
baseline, offering an intuitive, high-resolution map of the sample’s interior, which can
really serve as a contextual guide or validation reference for the interpretation of phase
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and dark-field images. Conversely, the dark-field signal offers sensitivity to features
below the resolution limit of the CT scanner, enhancing the interpretation of subtle
features observed in 3D reconstructions and guiding more targeted structural hypotheses.
We have showed that the combination of both can yield a complementary and correct
analysis of sample’s microstructures.

In summary, this thesis validates the concept that 3D microstructural imaging using
micro-CT can serve as reference to guide the grating based dark-field imaging, that offers
complementary information. The microstructure imaging, when approached through
a combination of micro-CT and grating-based dark-field imaging, provides a rich and
multiscale perspective. It allows us to not only see what is there, but to understand
how internal features are distributed, how they interact, and what role they may play
in the sample’s function or behavior. This integrated imaging approach holds immense
potential for advanced material characterization and could serve as a foundation for
future developments in hybrid imaging systems where structure, composition, and
microtexture are all resolved simultaneously.

To finalize, it has also shown not every sample carefully prepared for a bachelor thesis
can yield a positive result, as not a lot of valuable information could be extracted from
the carbon sample. Future challenges regarding this thesis would be the investigation
of new ways to accurately image complex sample structures, with different layers with
similar absorption. Also, the optimization of data storage, the polish and optimization
of the reconstruction algorithms, in order to obtain a more detailed and accurate object
3D reconstruction, as well as the improvement in fiber segmentation process, not only
in optimization, but also in the calculation of fiber parameters. A lot of these software
processes are still in the beta version, so future optimization work is certainly something
we can look up for.
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Figure 48: Absorption images for several angles of the carbon sample. Flat-field
correction is applied.
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Figure 49: Absorption images for several angles of the carbon sample, 4 mm away from
the source. Flat-field correction is applied. Image on column 4, row 3, "Image 308" has
a strange background color, different from the rest, probably due to a background value
error.
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Figure 50: Absorption images for several angles of titan sample, 4 mm away from the
source. Flat-field correction is applied.
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Figure 51: Analysis process of the darkfield images of the titan sample in the grating-
based phase-contrast imaging setup. Sample is rotated in iterations of 10° and a region
of interest marked in red takes all the pixel values from the zone and averages them.
In this case the process for the 90 (left) and 180 (right) degree rotation is displayed.
Colorbar displays the absorption values in percentage.
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