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Abstract

Abstract

With material properties including high mechanical strength and stiffness at moderate
weight, composite materials are commonly selected for applications in the automotive,
aerospace, and aeronautics industries. Consequently, the use of composites has been steadily
increasing since the early 1980s, with composites currently accounting for roughly 50% of the
materials used in modern passenger aircraft by weight. Non-destructive testing of manufactured
components is fundamental to ensuring the high safety standards prevalent in these industries.
While X-ray computed tomography (XCT) enables high-resolution, three-dimensional
visualization, its ability to efficiently examine large industrial components is limited.
Alternately, X-ray radiographic testing, while faster, provides only two-dimensional

superimposed images with limited material contrast.

This thesis examines the potential of Talbot-Lau grating interferometry (TLGI), which
measures the differential phase contrast (DPC) and dark-field contrast (DFC) modality, to
overcome some of these limitations. DPC imaging enhances sensitivity to low-density
materials, such as polymers, and shows reduced sensitivity to beam hardening artifacts.
Conversely, the DFC visualizes X-ray small-angle scattering, potentially revealing sub-
resolution structures like micro-cracks and porosity. Furthermore, the DFC signal is a function
of the orientation of local microstructures and can therefore provide additional insights about

fiber orientation in composite specimens.

The results achieved during this work were published in four scientific papers, providing
guidelines and showcasing possible industrial applications for TLGI. These publications
include the characterization of composite layup and resin-rich areas in vacuum infusion CFRP,
a comparative study on metal artifacts in attenuation and phase contrast XCT, a new method
for fast inspection and quantification of out-of-plane fiber waviness, and a study on the
detection of porosity in cyanate ester CFRP considering the influence of variations in specimen
thickness. The publication of these works is intended to increase the acceptance of TLGI and

to take a step towards its application for industrial needs.

VI
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Kurzfassung

Kurzfassung

Verbundwerkstoffe zeichnen sich durch eine hohe mechanische Festigkeit und Steifigkeit
bei relativ geringem Gewicht aus und sind dadurch eine gingige Wahl fiir
Leichtbauanwendungen wie z.B. in der Automobil-, Luft- und Raumfahrtindustrie. Die
zerstorungsfreie Priifung von sicherheitskritischen Komponenten ist dabei von grundlegender
Bedeutung, um die hohen Sicherheitsstandards, die in diesen Industrien vorherrschen, zu
gewihrleisten. Die Rontgen-Computertomographie (XCT) hat sich dazu als leistungsstarke
Methode etabliert, um Bauteile dreidimensional und in hoher Auflésung zu visualisieren. Zur
effizienten Charakterisierung groBer industrieller Bauteile ist die XCT durch ihr limitiertes
Sichtfeld jedoch oftmals nur begrenzt einsetzbar sowie Faserverbundwerkstoffe in
absorptionsbasierten ~XCT-Messungen typischerweise schlechte Kontrastverhdltnisse

aufweisen.

Ziel dieser Arbeit ist es einige dieser Einschrankungen durch den Einsatz von Talbot-Lau-
Gitterinterferometrie (TLGI) XCT und Radiographie zu iiberwinden, und damit das Potenzial
der Methode fiir industrielle Anwendungen auszuschopfen. Durch den Einsatz von TLGI
konnen zwei komplementire Modalitdten, der differentielle Phasenkontrast (DPC) und der
Dunkelfeldkontrasts (DFC), extrahiert werden, welche zusitzliche Information iiber ein
untersuchtes Bauteil liefern. Der DPC weist eine erhohte Sensitivitdt zur Unterscheidung von
Materialien mit geringer Dichte auf und ist robuster gegen Strahlaufhéartungsartefakte. Der DFC
hingegen visualisiert die Rontgenkleinwinkelstreuung, wodurch Strukturen wie Mikrorisse und
Porositdt kleiner als die Bildauflosung sichtbar gemacht werden kdnnen sowie zusétzliche

Information {iber die lokale Orientierung von Mikrostrukturen extrahiert werden kann.

Die im Rahmen dieser Arbeit erzielten Ergebnisse wurden in vier wissenschaftlichen
Publikationen veroffentlicht, die als Guidelines flir mdgliche industrielle Anwendungen der
TLGI dienen sollen. Diese Arbeiten umfassen die Charakterisierung des Faserverbundautbaus
und von Reinharz-Bereichen in Vakuuminfusions-CFK, eine Studie zum Vergleich von
Metallartefakten in Absorptions- und Phasenkontrast- XCT, eine neue Methode zur schnellen
Detektion und Quantifizierung von Faserwelligkeit sowie eine Studie zur Detektion von
Porositdt in Cyanatester-CFK unter Beriicksichtigung des Einflusses von Variationen in der
Probendicke. Mit der Verdffentlichung dieser Arbeiten hoffen wir, die allgemeine Akzeptanz

der TLGI zu erh6hen und den zukiinftig Einsatz in industriellen Anwendungen zu férdern.

VII
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1 Introduction

1 Introduction

1.1 Motivation and problem statement

The first human-made composite materials are often dated as early as 4900 B.C., when
bricks from straw and mud were used for building construction at Sumer in Mesopotamia [1].
Composite materials have since been utilized in various areas of application and have
continuously advanced, until in the most recent century, synthetic polymers and first high-
performance carbon fibers were developed, forming the basis for current state-of-the-art
fiber-reinforced polymers (FRPs) [2]. At moderate weight compared to, for example, metallic
construction materials, these advanced composites feature a variety of favorable material
properties, including corrosion resistance and high mechanical strength and stiffness at
improved fatigue life [1,3,4]. As the reduced material weight can ultimately result in higher
payloads, consequently enabling lower fuel consumption and reduced CO:> emissions,
composites like carbon fiber-reinforced polymers (CFRPs) are consistently utilized in
industries including automotive, aerospace, and aeronautics. As illustrated in Fig. 1, the use of
composites in passenger aircraft has been steadily increasing since the early 1980s [5]. Today,
composites account for roughly 50% of the materials used in modern passenger airplanes by

weight—for example, a total of 32 tons of CFRPs in a Boeing 787 [6].
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Fig. 1: Development of the composite amount by weight used in commercial passenger aircraft.
(Image adapted and reprinted from [5] with permission from Springer Nature)
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1 Introduction

However, composite materials are not completely without shortcomings; their increased
complexity makes them prone to internal defects and part-to-part variations, such as porosity,
delamination, resin-rich areas, insufficient fiber impregnation, and fiber misalignment. This is
even more the case if foreign materials, such as embedded electronics or metallic conductors
for lightning protection, are introduced into a composite component. Consequently, in high
demanding applications, as are often found in the automotive and aerospace industries,
verification of manufactured components by non-destructive testing (NDT) methods is
essential. For example, space applications often require the porosity content in finished
components not to exceed 1-2% [7,8]. Furthermore, composites are susceptible to damages
occurring during use, which means regular monitoring is typically required throughout the
component’s lifetime. In particular, impact damage (e.g., from flying debris or bird strike) can
be a cause for microscopic matrix cracking that is invisible to the eye but severely reduces

mechanical strength.

Therefore, a multitude of NDT methods have emerged, each with individual strengths and
limitations, which is why developments of new, superior techniques are still in demand. Typical
shortcomings of currently employed methods are the limited depth, field-of-view, and
resolution of the evaluation; the need for direct contact of the probe (e.g., via coupling agents
as in ultrasonic testing); and restrictions to conductive materials, as in eddy current testing [9].
X-ray computed tomography (XCT) and X-ray radiographic testing (XRT) are among the most
versatile technologies for testing of CFRPs. XCT offers the ability to visualize internal
structures of a specimen three-dimensionally, with a detail detectability of structures down to,
and possible smaller than, 1 pm in size [10]. However, such high resolution is typically only
achievable for relatively small specimens (< 1 mm in diameter), and industrial CFRP
components are often too large to be inspected within a reasonable time and with the necessary
detail. Using XRT, components can be investigated in a shorter time, but the results are
superimposed, two-dimensional image data of three-dimensional objects or structures.
Furthermore, the contrast between materials of similar density is typically low in standard

attenuation-based radiographic imaging methods.

Some of these limitations may be overcome by measuring the complementary differential
phase contrast (DPC) and dark-field contrast (DFC) modalities, for example, via Talbot-Lau
grating interferometry (TLGI). The DPC modality is sensitive to the refraction of X-rays and,
compared to standard attenuation contrast (AC) methods, offers higher sensitivity to low

density and low atomic number materials. Consequently, better contrast and material
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1 Introduction

differentiation can be achieved for specimens consisting of polymers or biological tissue
[11,12]. Moreover, the influence of the X-ray energy on the DPC signal is lower than that on
the AC, making the DPC more robust against artifacts caused by beam hardening [13,14]. In
contrast, the DFC is sensitive to small-angle scattering caused by structures smaller than the
actual system resolution. Consequently, structures like micro-cracks or porosity of size below
the system resolution can possibly be detected in the DFC modality [15—17]. Furthermore, the
scatter signal caused by a structure is influenced by its orientation in space, which can be
utilized, for example, for investigations of fiber orientation in composite specimens [18-20]. A

few examples for the use of TLGI are given in Fig. 2.

Fig. 2: Examples for the application of TLGI: (a) Radiography of a carbon fiber-reinforced
polymer plate, including fiber waviness in five regions. Due to the directional
sensitivity, dark-field visibility is reduced in regions featuring fiber waviness and
therefore appears darker. (b) Three-dimensional visualization of fiber layup via DFC
(left) and resin-rich areas via DPC (right) in a vacuum infusion CFRP specimen. (c)
Comparison of beam hardening artifacts in a polymer specimen, including four metallic
inserts. Attenuation-based XCT is shown on the left compared to DPC XCT on the
right.

However, the extraction of the DPC and DFC modalities requires elaborate measurement setups

and protocols. Over the past decades, several such methods applicable to laboratory X-ray

devices have been developed, but they have yet to be established for industrial applications.

1.2 Aim of this work

Given the relative novelty of Talbot-Lau grating interferometry and its limitations, for
example, in field-of-view (FOV), applicable X-ray energies, and lack of standard protocols,
applications of this method are not yet well established for industry applications. Therefore, to
increase the acceptance of this promising method, optimization of the systems’ hardware
components, measurement setup and protocols, as well as postprocessing and evaluation

methods, is needed. Consequently, the overall aim of this thesis is to provide comprehensible
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1 Introduction

guidelines and demonstrate use cases of TLGI with a focus on industrial lightweight materials.
These include methods of full TLGI computed tomography for a three-dimensional, in-depth
characterization of specimens as well as two-dimensional radiographic testing to provide means

for fast investigation of larger components.

Computed tomography is used to examine structural features in fiber-reinforced polymers
that are of poor detail and contrast in standard attenuation-based XCT, such as fiber orientation
within the layer sequence and the visualization of inhomogeneities (e.g., resin-rich areas).
Furthermore, metal artifacts in metal-polymer composites—which are a common problem in
attenuation-based imaging—are investigated and compared. Thereby, the insensitivity of phase
contrast imaging to beam hardening effects will be elucidated. Since computed tomography
requires several hundreds or even thousands of projection images to be recorded, measurement
times are typically long, especially for industrial applications. Therefore, this work further
intends to provide non-destructive testing methods that rely on radiographic imaging, possibly
at only a few tens of projection angles. These methods will focus on the characterization of
fiber waviness and porosity in carbon fiber-reinforced polymers which are common defect types
known for their negative influence on mechanical strength. A new method for characterizing
out-of-plane fiber waviness, alongside a comprehensive study of the effects of specimen
porosity on all three imaging modalities obtained by TLGI, will provide a basis for faster, more

detailed characterization of CFRP components.

To this end, this doctoral thesis covers the basics of composite materials, their non-
destructive testing, and X-ray radiographic methods in Chapter 2, followed by an introduction
to X-ray phase contrast imaging (PCI) with a focus on Talbot-Lau grating interferometry in
Chapter 3. Chapter 5 summarizes the research output and findings of this work, including the
investigation of composite layup and resin-rich areas in vacuum infusion CFRP via TLGI
computed tomography, a comparative study on metal artifacts in attenuation and phase contrast
XCT, a new method for fast inspection and quantification of out-of-plane fiber waviness via
dark-field contrast radiography, and an investigation of porosity in cyanate ester CFRP via
TLGI radiographic testing considering the influence of variations in specimen thickness on the

measured radiography data.
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2 Composite materials and their non-

destructive testing

Composites can be considered the most important and most heavily researched material in
modern technology. As their characteristics are largely adaptable to individual requirements,
composite applications can be found in a wide range of industrial fields, including automotive,
aerospace and aeronautics, construction, sports equipment, and biomedical [21]. Consequently,
a variety of composite materials and material combinations aiming to satisfy different industrial

needs are available on the market. Generally, composites can be classified into four types [22]:

(1) Matrix materials reinforced by fibers

(2) Matrix materials reinforced by particles

(3) Laminates from layers of two or more different materials
(4) Combinations of the above

However, the focus of this work primarily is on the investigation of fiber-reinforced polymers.

2.1 Fiber-reinforced composite materials

Fiber-reinforced composites can be differentiated according to the matrix material type and
the embedded fiber material, shape, and arrangement within the composite. While the fibers are
the main load-bearing structure of a composite, the matrix material is designed to provide
protection and support for these fibers and to distribute applied loads between them. In the case
of individual fiber breakage, the load previously carried by the fiber is transferred to the
surrounding matrix and subsequently distributed to surrounding fibers [22]. Although matrix
materials can be of metallic or ceramic nature, polymeric matrix materials are most common.
These can be further categorized as thermosetting or thermoplastic polymers. Thermoset
composite materials have prevailed over many metallic alternatives due to their higher strength
and stiffness and the associated possibility of weight reduction. However, thermoset composites
are susceptible to impact damage due to the brittleness of the matrix, which often leads to
delamination, especially between differently oriented layers [23]. Furthermore, thermosetting
polymers are typically cured under high heat and pressure and, once fully hardened, cannot be

reprocessed. In comparison, composites from thermoplastic matrix materials can be remolten
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and reshaped, consequently offering higher flexibility in recycling or repairing damaged
structures [24,25]. Although this flexibility comes at the cost of high-temperature resistance,
the strengths of thermoplastic composites lie in their increased fracture toughness and fatigue
strength [24]. Furthermore, short fiber-reinforced thermoplastics can be easily implemented for

high volume production, for example, via injection molding.

The main reinforcement materials used in industrial applications are carbon, glass, and
aramid fibers, although demand for natural, biodegradable composite materials has increased
with awareness for sustainable production [26]. These fibers can be embedded in continuous
form as sheets of unidirectional (UD) or woven fiber cloth, or as discontinuous fibers.
Discontinuous fibers can be distinguished as either short (sometimes referred to as “chopped”)
and long fibers. Fig. 3 shows schematic examples of continuous and discontinuous fiber
reinforcement, including a fabric woven from 0°/90° oriented fibers. More complex weaving

patterns with more than two main fiber orientations are also possible.

continuous discontinuous
unidirectional (UD) fabric short / chopped long
1, 7
\ ,\‘\
pll
#
-
\/_f
0000000 £625%>
0° 0°/90°

Fig. 3: Examples for continuous and discontinuous fiber reinforcement. (Image inspired by [1])

Compared to woven fiber fabrics, UD fibers, sometimes referred to as “non-crimp” fibers
[27], show the highest strength in fiber direction, as woven fiber structures are weakened by
undulation. However, UD fiber composites are susceptible, for example, to matrix fractures
owing to low shear strength and tensile strength in the transverse direction [27]. Consequently,
continuous layers or plies of fibers are commonly stacked to form a laminate structure with
fiber orientations designed to achieve desired strength and stiffness for the intended application.
Tapes or filaments of UD fibers can also be woven in winding processes, as is the case, for
example, with carbon fiber-overwrapped pressure vessels [28,29]. Fig. 4 displays a schematic

of an exemplary composite layup from continuous UD plies in a quasi-isotropic arrangement.
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Fig. 4: Schematic of an exemplary composite layup from continuous unidirectional plies in a
quasi-isotropic arrangement of [+45°/-45°/0°/90°]2S.

There is no generally accepted length that distinguishes between long and short
discontinuous fibers. Some authors state that fibers of 5-20 mm length in a finished component
can be considered long fibers [30], while others characterize the fibers according to their shape
and interaction between each other. According to the latter, short fibers tend to be straight and
show little interaction between fibers, while long fibers can be significantly curved and show
more interaction [31]. Discontinuous fibers are typically randomly oriented, as in fiber spaying
or sheet molding processes [32,33], which is why the fibers cannot be as densely packed and
fiber volume content is typically low [34]. Consequently, discontinuous fiber-reinforced
composites have lower strength and stiffness in comparison to their continuous fiber
counterparts and are predominantly used in high-volume production and low-cost applications
[34]. However, injection-molded discontinuous fibers can show some anisotropic alignment

based on material flow direction during mold filling as well [31,35].

2.2 Manufacturing and typical defects in fiber-reinforced composites

Based on the structural demands and complexity of a composite component, different types
of manufacturing methods have established. However, a full review of the existing methods
considering all their various factettes is beyond the scope of this work. Therefore, this chapter
includes only a brief overview of the most significant methods. Generally, methods for
thermoplastic and thermosetting composites are distinguished since not all methods are
applicable to both material types. For thermosetting composites, open molding via hand or
spray layup is commonly used for large components of low complexity, while resin infusion

6
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methods allow for production of components of more complex shape [36]. Large, high-
performance composites, such as those used in the aerospace industry, are mostly fabricated by
automated tape laying of preimpregnated sheets of continuous fibers, which are subsequently
cured in an autoclave. One of the main advantages of thermoplastic composites is the possibility
of their compression molding or injection molding for cheap, high-volume manufacturing.
Filament winding and pultrusion methods for producing profiles of constant cross-section exist
for both material types [37,38]. Furthermore, additive manufacturing methods, such as fused
filament fabrication, have recently been extended to enable the integration of both short and

continuous fiber reinforcement in both thermosetting and thermoplastic materials [39].

Depending on these manufacturing methods, different defects in the composite structure
can be introduced during production, thus affecting the properties of the final component. An

overview of manufacturing defect types and their typical scale is given in Fig. 5.

micro scale meso scale macro scale
matrix cracking :
resin-rich areas
j porosity
fiber breakage !
fiber wa;riness / wrinkles
interface debonding :

delamination

Fig. 5: Overview of common manufacturing defects occurring in FRPs according to their
typical scale. (Image inspired by [40])

These defects can be related to the fiber material, matrix material, or the interface between
them. Although no manufacturing method can guarantee the absence of manufacturing defects,
some are more or less susceptible to certain defect types. In injection molding, for example,
fibers are susceptible to breakage during injection. Consequently, average fiber length in a
finished injection molded part will always be shorter than in the raw material [41]. Laminated
composites, in contrast, are naturally prone to delamination because of their low inter-layer
shear and tensile strength [40]. Fiber waviness is one of the most encountered and most
significant fiber-related manufacturing effects in continuous FRPs and, depending on the
severity, can also be considered a defect. Waviness can form in-plane and out-of-plane in
reference to ply orientation, but out-of-plane waviness is more common, as the bending stiffness

of fibers is higher in-plane of plies than out-of-plane [42]. Causes for waviness or wrinkles in
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FRPs are manyfold and include internal stress due to mismatching thermal expansion
coefficients (between differently oriented fiber layers or fiber and matrix material), interactions
between the component and tool, path length differences at curvatures, consolidation at corners
and radii, or embedded foreign objects that distort the fiber layup [42—44]. Fig. 6 provides an

example of an infusion-assisted resin transfer-molded specimen with out-of-plane waviness.

1 mm

Fig. 6: (a) Microsection of an infusion-assisted resin transfer-molded CFRP specimen showing
significant out-of-plane fiber waviness. (b) Zoomed section of the specimen revealing
resin-rich areas within layers (blue arrows) from fiber consolidation by binder yarns
(red arrow), and between layers (green arrows) from gaps caused by out-of-plane
waviness.

Defects that typically occur within the matrix material are porosity (e.g., macro porosity
between layers of a laminate or micro porosity between individual fibers of a fiber bundle),
inclusions of foreign material, and resin-rich areas. Resin-rich areas can be formed in different
shapes and sizes depending on the type of fiber reinforcement and the manufacturing process.
As shown in Fig. 6, misalignments between layers of fiber reinforcement caused by fiber
waviness often leave gaps in the laminate that are filled with resin during infusion, creating
resin-rich areas. Another cause of resin-rich areas is the collimation of fibers by binder yarns,
which results in voids lacking fibers that also fill with resin during infusion [45]. Furthermore,
when foreign structures that are thicker than the actual fiber reinforcement or plies are
integrated into a laminate, the resulting deviations in the composite structure can cause similar
effects, such as those recently observed in composites with embedded electronics [46] or optical

fibers [47]. [48]

Voids or porosity in composites typically originate from air entrapped during layup or
impregnation, or from moisture and volatiles emerging from the resin during curing [40,49].

Thus, thermosetting composites cured within an autoclave under high temperature and pressure
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typically show lower porosity than out-of-autoclave cured composites [49]. Conversely,
thermoplastic composites are more prone to insufficient impregnation resulting in porosity
within the material because of the high viscosity of the polymer compared to thermosetting
resins [50]. In fused filament fabrication additively manufactured FRP, macro porosity is
predominantly caused by inter-bead or inter-layer gaps [10,51], as shown in Fig. 7a. Micro
porosity between carbon fibers of the continuous fiber reinforcement can also be found. Fig. 7b
shows an XCT cross-section of a preimpregnated thermoplastic carbon fiber filament, as used
for manufacturing of the specimen in Fig. 7a. Micro porosity is already inherently present in
the prepreg material due to insufficient impregnation of the carbon fibers, leaving dry fibers

with voids in between [10].

a continuous fiber reinforcement

Fig. 7: (a) XCT cross-sectional image of a fiber-reinforced, additively manufactured
component. Two rovings of continuous carbon fibers are vertically aligned in the
center. Macro porosity (green arrows) caused by gaps between continuous fiber
rovings and matrix material is visible as is micro porosity (red arrows) between
individual fibers of the rovings. (b) XCT cross-sectional image of a preimpregnated
continuous carbon fiber filament. Insufficient impregnation leads to voids between
dry fibers (blue arrows).

It has been widely shown that mechanical properties of a FRP component are directly related
to the void content and its distribution within the component [49,52,53]. Therefore, high-
demand industries (like aerospace and aeronautics) typically require a void content of less than
1-2% in primary structural components [7,8]. In addition, voids in FRPs often form an
interconnected network that can serve as a pathway for moisture ingress, promoting further

degradation of the material properties [54].
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3 X-ray phase contrast and dark-field imaging

Apart from inherently existing manufacturing defects, damage during use can also induce
component failure. Damages occurring in FRPs largely depend on their application but,
especially in the aerospace and renewable energy sector, impact damage, thermal damage, and
damage from lightning strike are common [4,55]. Composites have been found to be highly
susceptible to impact forces, which can cause barely visible microcracks that significantly
weaken the structure and are one of the main causes of unexpected early component failure.
Residual compression strength can be reduced to as much as 30% of the original material value
[56]. Such barely visible damage can be caused by high-velocity impact from debris or bird
strike in aerospace applications, as well as low-velocity impact (e.g., caused by tool drop). For
wind turbines, lightning strikes are one of the most serious threats causing decomposition of
the matrix resin, fiber damage, surface ablation, and delamination [4,57,58]. Furthermore,
damage can be induced by machining of composite materials. Fibers and matrix have different
ablation mechanisms, which constantly change during processing because of the anisotropy of
the material. As a result, defects such as fiber pullout, matrix burning, delamination, burrs, and
matrix cracks frequently occur, causing poor cut surface quality and reducing assembly
tolerance and fatigue strength, for example, of drillholes[59,60]. A graphical overview of

typical damages encountered in composites is given in Fig. 8.

Fig. 8: Overview of typical composite damages. (a) Impact damage on a sandwich composite;
(b) projectile damage; (c-d) erosion on wind turbine blades; (e) surface damage from
fasteners; (f) fiber fuzzing from drilling; (g) damage on drill-hole exit site; (h) lightning
damage. (Images (a—g) adapted and reused from [61] under CC BY 4.0. Image (h)
reprinted from [4] with permission from Elsevier.)

10
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2.3 Non-destructive testing

Non-destructive testing involves the detection and characterization of defects and damages
in components while maintaining their physical integrity so they can subsequently be put to
their intended use [44]. This chapter provides a basic overview of NDT methods for fiber-
reinforced polymers, as well as a more detailed introduction to X-ray radiographic testing and
computed tomography. Generally, different defect and material types will require different
NDT approaches; therefore, a multitude of methods have been established in various industries.
While surface defects of macroscopic scale can often be detected by visual inspection, internal
and microscopic defects typically require more elaborate NDT methods. However, many of
these methods can complement each other, and utilizing multiple inspection methods to
investigate a specific component is common. Fig. 9 shows an overview of established NDT

methods for FRP and the approximate scale of defects that can be detected by their application.

micro scale meso scale macro scale
: . visual inspection
ultrasonic teéting
acoustic emis;sion
thermographic :testing
eddy current testir;g
shearography
radiographic testing .

Fig. 9: Overview of NDT methods for FRPs arranged in order of detectable defect scale. (Image
inspired by [40])

Among these methods, ultrasonic testing (UT) can be considered the most-established NDT
method for in-service inspection of aerospace components, although thermographic and eddy
current methods are also capable of detecting defects, possibly down to the micrometer scale.
Both UT and eddy current testing are approved methods for detecting and quantifying fiber
waviness in CFRP [44,62]. Thermographic imaging and UT have also proven to be capable of
porosity estimation in CFRP [54,63], [53,62], and efforts to enable three-dimensional
tomographic reconstruction from thermographic imaging have been made [64,65]. Acoustic
emission is typically used for in-service monitoring, as damages occurring in components can
be observed and located during their formation [66]. However, static defects, which do not emit
acoustic signals, will be undetected. While shearography is technically mature for aerospace

applications, it is in competition with existing methods of ultrasonic inspection. The advantages

11
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of shearography are a contactless inspection providing direct two-dimensional information,
while among the mentioned methods, the largest FOVs can possibly be covered in a single
acquisition [67]. Additionally, the possibility to detect impact damage and delaminations makes

shearography a natural choice for in-service applications [67].

The ability to reconstruct three-dimensional data from a series of radiographic images
makes XCT the most versatile method for inspecting damages and defects. Typical examples
of NDT via XCT and XRT are the inspection of weld lines [68], porosity and damage in FRP
[69—71], and adhesive bonds [72,73]. However, while mobile solutions exist for radiographic
methods, XCT devices are typically stationary and limited to rather small components. The

following subsection will provide a more detailed introduction to radiographic imaging.

2.3.1 X-ray radiographic testing and computed tomography

The basic principle of radiographic imaging relies on the differences in attenuation of X-
rays between two or more materials. The attenuation of an incident X-ray beam of intensity I,

can be described by Beer-Lambert’s law:

11: Io'e_#t (21)
where [, is the remaining intensity after propagation through an object of thickness t with the
attenuation coefficient u. The attenuation coefficient u is a function of the material’s atomic

number A and density p, and the applied X-ray photon energy E or its X-ray wavelength A,

respectively, which is inversely proportional to the photon energy as follows:

h-c
- 2.2
A E (2.2)

with the Planck’s constant h and the speed of light c. Thus, at a given X-ray photon energy,
contrast formation depends only on material constants and transmission length. A schematic
overview of the effects of these parameters on the attenuation of X-rays is shown in Fig. 10.
Based on this principle, intensity changes caused by foreign materials or voids inside a

component can be detected in radiographic images.

12
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Fig. 10: Schematic overview visualizing the effects of different material and X-ray parameters
on the attenuation of X-rays (Image inspired by [74])

However, radiographic images provide information of a three-dimensional object
superimposed on a two-dimensional image. Consequently, to retrieve three-dimensional
information, tomographic reconstruction can be performed. Most industrial XCT systems
operate an X-ray tube emitting X-rays in a cone beam geometry which is why the method often
is also referred to as cone beam XCT. The specimen under investigation is placed on a high-
precision rotary stage between the X-ray source and a flat panel detector for image acquisition
as schematically shown in Fig. 11. Because of the cone beam geometry, the projection image
cast onto the detector experiences a magnification by the factor M, depending on the source-to-
object distance (SOD) and the source-to-detector distance (SDD) as follows:

SDD
M = S0D (2.3)
Consequently, the imaging resolution of an XCT measurement can be adjusted by varying this
distance ratio. However, due to the limited size of the detector, an increase in image resolution
usually comes with a reduction in the covered FOV. Therefore, microscopic defects in large
components might be difficult to detect by conventional radiographic methods, which is why
special developments capable of detecting micro scale defects in large field-of-views are still

demanded [15].

13



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

B 3ibliothek,
Your knowledge hub

3 X-ray phase contrast and dark-field imaging

-

el
e
-
-
e

specimen

-
e
-
-
-
-
-
e
-
"
=

-
-

-
-
S

X-ray M CD

source

' rotary axis

Fig. 11: Schematic image of a cone beam XCT system. The specimen or object is placed on a
rotary stage between the X-ray source and a flat-panel X-ray detector.

To enable tomographic reconstruction, radiographic projection images are usually recorded
over a 360° rotation of the specimen at angular steps of a fraction of a degree. The most
commonly applied reconstruction algorithm was introduced by Feldkamp, Davis, and Kress
(FDK) [75] which filters the projection images and performs a back projection into the three-
dimensionally reconstructed space [76]. However, there are also a multitude of other

reconstruction algorithms developed and used.

As previously mentioned, Beer-Lambert’s law is valid only for a discrete X-ray photon
energy, but typical laboratory X-ray sources generate a polychromatic spectrum. Consequently,
as a polychromatic beam propagates through a material, X-rays of low photon energy are
attenuated more easily than high energy photons, leading to an increase in the mean energy of
the spectrum. This effect is referred to as beam hardening and is one of the most important
factors causing artifacts in XCT that appear as grey value gradients in otherwise homogeneous
materials (see Fig. 12a) and black and white streaks or bands especially between materials of
high attenuation (see Fig. 12b) [14]. These artifacts can lead to the impression of changes in
density within a homogeneous material or obscure other features of a specimen and thereby
hinder proper characterization. However, there are many more causes for different artifacts in

XCT. A brief overview of the most important ones is given in Fig. 12.
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Fig. 12: (a) Cupping artifacts caused by beam hardening; (b) Streak artifacts caused by beam
hardening and amplified by high pass filter during FBP reconstruction [77]; (c)
Scattered radiation artifacts; (d) Cone beam reconstruction artifacts; (e) Ring artifacts
caused by nonlinear or defect X-ray detector pixels; (f) Anti-aliasing artifacts from
insufficient number of projections; (g) Specimen motion artifacts; (h) Partial volume
artifacts from insufficient X-ray detector resolution. (Image adapted and reprinted
from [76] with permission from Springer Nature)
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3 X-ray phase contrast and dark-field

imaging

3.1 Basic principles

While for the formation of image contrast in conventional radiographic methods,
differences in the attenuation of X-rays are measured, phase contrast and dark-field imaging
rely on differences in refraction and small-angle scattering, respectively. Consequently, for
materials with similar attenuation coefficients or low thickness that cannot be distinguished via
conventional radiographic imaging, the extraction of phase- and dark-field contrast can yield
additional information for NDT. The following subchapters will provide an introduction to the
basic principles of X-ray refraction and small-angle scattering necessary to understand and

measure these additional modalities.

3.1.1 Phase contrast imaging
The X-ray phase contrast modality can best be explained by the refractive index, which is
defined as:

n=1-686+if . 3.1)

While the attenuation of X-rays is explained by the imaginary part § of the refractive index
via the attenuation coefficient
4nf
=— 3.2
n=— (3.2)
the phase shift within a wave front @ is represented within the refractive index decrement § of

the real part via the linear phase-shift coefficient

2md
V== (3.3)

including the X-ray wavelength A [78]. Consequently, an X-ray wavefront propagating through

a material with defined, homogeneous linear phase-shift coefficient and thickness t experiences

a phase shift equal to [78]

d=1-t . (3.4)
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The refractive index decrement then again is a function of the electron density p, of the material

transmitted which far from absorption edges of the material can be approximated by

Tepel?

5= : (3.5)

21

with the constant classical electron radius 7, [79].

Looking at X-rays as waves propagating through a material with refractive index n, the
phase shift ® within the wavefront after an object represents the change in phase of an X-ray
wave after passing through the material with respect to its incident wave form as depicted in

Fig. 13.

wave passing through object: |

IWAWA
V

I attenuation

ANV ANYA
Yl N S

reference wave in vacuum:

A
V
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Fig. 13: X-ray wave passing through an object of refractive index n (top) in reference to the
same wave propagating through vacuum (bottom). The phase shift ® caused by the
object relative to the reference wave as well as the effects of attenuation are indicated.
(Image inspired by [80])

Alternatively, phase effects can also be visualized in terms of refraction of X-rays, since a phase
shift in the wave front also leads to a local change in propagation direction of incoming X-rays,
which is always perpendicular to the wave front. This change in the propagation direction can
be expressed as refraction angle a as schematically introduced in Fig. 14. Thus, for thin objects
in a parallel beam geometry and under the small-angle approximation, the refraction angle a
relates to the phase shift within the wave front via [13]

A AD

- - - 3.6
21w Ax (3-:6)
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where A®/Ax is the differential phase shift in lateral direction as indicated in Fig. 14 [13].

Fig. 14: Object inducing a phase shift to an incoming plane wave which causes refraction of
the X-ray beam at angle a as the propagation direction is always perpendicular to the
wave front. The refraction angle is proportional to the difference in the optical path
A® - (1/2m) at a lateral beam distance Ax [11]. (Image inspired by [11])

In terms of X-ray interaction cross sections, the phase cross section g, and attenuation
cross section o,, show significantly different dependencies on X-ray energy as shown in Fig.
15 by Mayo et al. [78]. Especially for low atomic number materials, gy, is up to three magnitudes
higher than o, [81,82]. Consequently, for these materials higher contrast can possibly be
achieved by phase contrast imaging. Furthermore, the phase shift is influenced less severely by
changes in the X-ray energy than the attenuation, which makes phase contrast measurements

less prone to beam hardening effects [13,14].
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Fig. 15: Phase cross section o, and attenuation cross section g, at 20 keV and 50 keV X-ray

energies respectively over atomic number of a penetrated test specimen. Steps in g,
correspond to absorption edges of materials at specific atomic numbers. (Image
reprinted from [78] with permission from Springer Nature)
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With these features, several publications have proven phase contrast imaging to be a promising
modality for medical imaging, for example, for the reduction of artifacts caused by metal
implants [14,83], or contrast enhancement for the imaging of soft tissue [84,85]. Furthermore,
various industrial applications for the characterization of weakly absorbing materials, such as

polymers [86] and fiber-reinforced specimens [48,87], have been presented as well.

3.1.2 Dark-field imaging

Dark-field imaging relies on the effect of X-ray small and ultra-small angle scattering
(SAS, USAS), caused by microstructures or differences in the electron density within an
inhomogeneous specimen [88]. Typically, these features are too small to be resolved by
common X-ray detectors directly. However, the blurring of an X-ray beam associated with the
(U)SAS, as schematically visualized in Fig. 16, can be quantified by application of different
specific measurement setups. Consequently, a dark-field image can reveal otherwise hidden
additional information about (sub-) micron structures within a specimen, offering huge

potential in both medical/biological [89-91] and industrial [15,92] applications.

Incident x-rays ~ Emergent x-rays

..... : Unresolved
PLE LA

i microstructures D'&“']\"‘I‘_lcld
” 2 effects
(U)SAS
Specimen
—L%—;;;;;} 777777777777
Phase effects
Exit-surface plane Detector plane

Fig. 16: Schematic example of (U)SAS effects caused by unresolvable microstructures within
an otherwise homogeneous specimen leading to a blurring of high frequency
components in the intensity line profile. However, special setups/methods are needed
for extraction of the dark-field signal. (Image modified and reused from [93] under CC
BY 4.0)

The name of the dark-field modality was chosen as an analogy to earlier methods from light
and scanning electron microscopy, in which scattering structures are similarly depicted as
brighter regions on otherwise dark background [94]. The idea of dark-field imaging was initially
sparked by Johnstonet al.[95] and Chapmanet al. [96] and their experiments with

monochromatic synchrotron radiation in combination with crystal analyzers. These
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experiments finally led to the extraction of the first dark-field images by analyzer-based
imaging (ABI) after researchers observed a broadening of the rocking curve caused by (U)SAS
[79,97]. However, the need for rather high temporal coherence of the X-ray beam, typically
found only at synchrotron facilities, was limiting the applicability and therefore the potential of
this early method for practical use. It was not until 2007 when Pfeiffer et al. introduced a grating
interferometric method to extract both phase contrast [98] and dark-field contrast [99] using
hard X-ray spectra in typical laboratory setups, that the DFC modality gained wider attention

within the scientific community.

Similar to the linear attenuation coefficient, the small-angle scattering can be described by
the linear diffusion coefficient €, which is a function of the chemical as well as structural
properties of the material and the energy of the X-ray beam scattered [100,101]. Also similarly,
given the assumption of ideal random scattering and monochromatic X-ray energy, the dark-

field signal D can be expressed as
D= e ¢ (3.7)

measured after a homogeneous specimen of thickness t. Since the measurement of the DFC
modality greatly depends on system specific parameters of the respective measurement method,

further explanations will be given in a following chapter (3.3) dedicated to TLGI.

3.2 Different phase contrast and dark-field methods

Although the X-ray phase contrast and dark-field modalities can provide additional
information for materials characterization, their extraction is not as straight forward as standard
attenuation-based imaging. This chapter will cover a brief overview of methods for the
extraction of phase and dark-field images, as a detailed introduction to all methods existing is
beyond the scope of this work. Since the first introduction of X-ray PCI by Bonse & Hart in
1965 [102], various methods with different limitations and advantages have been developed.
The interferometry-based phase contrast imaging using a single crystal as by Bonse & Hart was
followed by analyzer-based methods first developed by Goetz et al. in 1979 [103,104]. Thereby,
arocking analyzer crystal placed after the specimen is used to convert effects of X-ray refraction
into intensity signals on the detector in dependence of its rocking angle. Consequently, the first
derivative of the phase shift caused by the specimen in the beam path can be extracted [78] (see

Fig. 17).
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Phase shift for
cylinder
1% derivative:

seen in ABI
2" derivative:
seenin
propagation-
based imaging

and grating
Fig. 17: Phase shift profile of a cylindrical specimen (top) with its first derivative (middle) as
captured by analyzer-based imaging (ABI) and grating-interferometry methods, and
its second derivative (bottom) as captured by PB-PCI. The corresponding line profiles
are shown to the right. (Image reprinted from [78] with permission from Springer
Nature)

methods

One of the simplest PCI methods is propagation-based phase contrast (PB-PCI) as it only
requires sufficiently spatially coherent X-rays, for example, produced by a micro-focus X-ray
tube, and a propagation distance after the specimen long enough for interference patterns to
form. Consequently, the second derivative of the phase shift can be measured by a standard X-
ray detector (see Fig. 17). However, the measured image will contain attenuation as well as
phase information which is why several phase retrieval algorithms have been developed, among
which the method introduced by Paganin et al. [105] is probably the most commonly known

[78]. Furthermore, the extraction of dark-field images is not possible using this method.

In the last decades many more methods have been developed, for example, using coded
apertures [106] or even random absorption masks [107] (also referred to as speckle-based
imaging [108]) to create a structured illumination of a specimen and subsequently track the
changes in the pattern projected on a detector to extract information on attenuation and
refraction of a specimen. Among them, the edge illumination method introduced by Olivo et al.
is probably worth mentioning separately, as it supposedly has the most relaxed requirements in
spatial and temporal coherence of the X-ray beam [109]. Moreover, many but not all the
methods mentioned provide the possibility to extract dark-field contrast as well, as exemplarily
demonstrated for speckle-based imaging [110], edge illumination [111], and analyzer-based
imaging [112]. However, the extraction of dark-field contrast mostly requires the recording of
images at additional aperture positions or rocking crystal angles respectively.
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Another method which makes use of gratings but, different from the aperture-based
methods mentioned, works by use of interferometric effects, is Talbot-Lau grating
interferometry-based imaging (TLGI). Thereby, the intensity modulations projected onto a
detector caused by a set of gratings in Talbot-Lau formation are analyzed to extract attenuation,
phase, and dark-field information. As this work aims to develop and investigate industrial
applications of TLGI for the inspection of lightweight materials, this method will be explained

in more detail in a separate chapter.

3.3 Talbot-Lau grating interferometry

The first method based on a Talbot interferometer was demonstrated by Momose et al.
[113]in 2003 and is based on the observations made by H.F. Talbot [114] in 1836 that coherent
light passing through an absorbing grating creates a self-image of said grating at repeated
distances. These are referred to as Talbot distances d and are based on the period of the grating

p; and the wavelength of the incident radiation via [115]

2 2
dy = il . (3.8)

d
ot
o~
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e
e
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(Grating =
position) Beam propagation direction

Fig. 18: Interference patterns (Talbot carpet) from a coherent plane wave generated after an
absorption grating (top) a 0.5 m shifting (middle) and a 1.0 & shifting phase grating
(bottom) respectively. The pattern is shown for a propagation length of one Talbot
distance d. Positions at which highest contrast of the self-images of the gratings are
present are indicated with vertical black and white dashed lines. (Reprinted with
adaptations from [116] with permission from SPIE Digital Library)
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By replacing the absorbing structures of the grating with a material that induces a phase shift
to the incoming radiation, self-images of this now so-called phase grating are observable at
fractions of the Talbot distance as well. Thereby, maximum visibility of the self-image is
achieved when the phase grating causes a phase shift in X-rays passing through the grating bars
by either m or m/2 [116]. Consequently, an interference pattern also referred to as “Talbot
carpet” is formed after the grating as illustrated in Fig. 18. When a phase grating is used, Eq.
(3.8) has to be adapted to calculate the fractional Talbot distance by

1 np,?

dpn = —
Tn nz 2& (3.9)

where n is an integer number referring to the Talbot order of the interferometer and 7 is a factor
accounting for the change in the fractional Talbot distance depending on the phase shift induced
by the phase grating via

n = 1 for a shift of m/2 or (3.10)
n = 2 for a shift of w [116]. (3.11)

Furthermore, the period of the self-image p, changes with respect to

p, = p; for a phase shift of 7/2 and (3.12)
p, = p1/2 for a phase shift of m [116]. (3.13)

However, the Talbot effect can only be exploited using coherent X-ray radiation which is why
Pfeiffer et al. [117] introduced another grating into the setup placed directly in front of an
incoherent X-ray source and thereby formed a Talbot-Lau interferometer as schematically
depicted in Fig. 19. This source grating GO thereby creates an array of line sources that are
mutually incoherent but individually thin enough for sufficient spatial coherency [118]. To meet

the requirements in coherence length & for the Talbot effect to appear the setup must satisfy

& = Al > (3.14)
* YoPo P1 '

with the ratio y, between the period p, and the width of the apertures of the source grating, and
the distance [, between the source grating and phase grating G1 [117]. Furthermore, for the
application with an approximately spherical wave front as from laboratory X-ray sources the

Talbot distance changes to [119]
. dplane
T

l
sphere _ *0
APt = e (3.15)
0 T
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X-ray detector

extended LT | J |
X-ray ! Gl
source C')

GO

Fig. 19: Schematic of a Talbot-Lau interferometer with source grating GO, phase grating G1,
and analyzer grating G2 at respective grating periods py, p1, and p,. Note that a
specimen can be placed before or after the phase grating. The direction of the phase
stepping is indicated as well. Note that phase stepping basically can be performed by
any one of the three gratings.

Under these conditions, each aperture within the source grating will create an interference

pattern at the (fractional) Talbot distances after the phase grating. However, the condition

Ly
Po = D2 E (3.16)
with the distance [; between phase and analyzer grating must be met in order to shift the patterns
by exactly one period of the analyzer grating G2 and therefore to add up constructively [117].
This analyzer grating completes the Talbot-Lau interferometer setup and is needed for the
extraction of the attenuation, phase, and dark-field contrast, since the period of the interference
pattern created by the phase grating typically is much too small to be resolved by common X-
ray detectors directly. Consequently, this grating is placed directly before the X-ray detector

with a grating period matching that of the created interference pattern.

3.3.1 Imaging with a Talbot-Lau grating interferometer

To record a projection image from which phase and dark-field information can be
extracted, a stepwise displacement of one of the gratings over one period in direction

perpendicular to its grating bars must be performed. During this displacement, the intensity in
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3 X-ray phase contrast and dark-field imaging

each detector pixel is monitored creating a sinusoidal intensity modulation as visualized in Fig.

20. This procedure is also referred to as phase stepping [120].

A ——reference scan
weneSamMple scan

Intensity
i

0.25 0.50 0.75 1.0
Relative grating position over pattern period

Fig. 20: Intensity modulation measured within a single detector pixel with respect to the lateral
grating position. Mean values a,, amplitudes a,, and phase shift ¢ = ¢° — ¢" between
sample and reference curve are indicated. (Image modified and reused from [121]
under CC BY-NC-ND 4.0)

By comparing the intensity modulation to a reference recording without a specimen in the beam
path three complementary modalities can be extracted. The attenuation contrast (AC)
corresponds to the change in mean intensity a, of the sinusoidal curve. The phase contrast is
represented by the lateral shift in phase ¢ between the two curves and extracted by calculation
of the difference between the two, as indicated in Fig. 20. Since this phase shift in the
interference pattern is a direct measure of the first derivative of the phase shift in the wave front,
the phase contrast measured in TLGI is typically referred to as differential phase contrast (DPC)
[117]. However, note that a phase shift exceeding one period of the analyzer grating cannot be
detected correctly and leads to a phenomenon referred to as phase wrapping [122]. Finally, the
dark-field contrast (DFC) is represented by the change in amplitude a; of the intensity signal.
For that matters the visibility V is introduced which is defined as the normalized oscillation

amplitude of the intensity curve [99]:

a

V=
o (3.17)

The reduction in visibility caused by an X-ray scattering specimen in the beam path normalized
to the visibility within a reference image is referred to as the dark-field signal D [99]:

VS

= (3.18)

D
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3 X-ray phase contrast and dark-field imaging

The superscripts s and r thereby indicate the measurement with specimen in the beam path and
the reference measurement without specimen in the beam path, respectively. The dark-field
signal is inversely proportional to the integrated (U)SAS power caused by sub-micron
structures within the specimen. Consequently, in a homogeneous specimen with negligibly
small (U)SAS contribution the dark-field signal D = 1, while strongly scattering specimens

will cause a reduction in the dark-field signal of D < 1 [18].

Considering the actual lateral shift s of the projected self-image which is represented by

the phase shift ¢ within the intensity curves via

D2
=< 1
S o [, (3.19)

the refraction angle a can be calculated under the small-angle approximation and thereby is

directly related to the phase shift in the interference pattern via [123]

D2

a= 2l ) . (3.20)

By combining Eq. (3.20) with Eq. (3.6) the differential phase shift A®/Ax in the wave front
after the object can be related to the phase shift ¢ in the interference pattern via

A0 _ P2 3. 3.21)
Ax Al

However, this formula strictly is valid only for flat objects in a parallel beam setup, and also
only for a discrete monochromatic X-ray energy. Practically, the phase shift ¢ in the
interference pattern is measured with a Talbot-Lau grating interferometer in a polychromatic
spectrum and therefore is a direct measure of the effective differential phase shift in the
wavefront [13,117]. Consequently, the effective phase shift in the wavefront can be extracted
by simple one-dimensional linear integration of the recorded image data of ¢ in direction
perpendicular to the gratings [13]. However, image noise might cause severe artifacts which is
why typically additional filters are applied [124]. In case that a full computed tomography (CT)

scan was recorded, the phase shift data subsequently can be reconstructed via a standard filtered

back projection algorithm, likewise to the AC and DFC data [98].

Furthermore, by incorporation of TLGI setup specific parameters the refractive index

decrement can be evaluated from the phase shift via [12]

b2 l_s
2nly r

(3.22)
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where p, is the period of the analyzer grating and [, the distance between phase and analyzer
grating. The multiplication by l;/r is necessary to correct for the reduction in sensitivity
occurring in cone beam setups, where [ is the distance from the X-ray source to the phase
grating and r the distance from the X-ray source to the specimen [82]. Following this, the
electron density of a measured sample can be derived directly from the recorded phase contrast

data by use of Eq. (3.5).

The blurring width g of the interference pattern at the plane of the analyzer grating and
the angular standard deviation g, within the scatter angle after the specimen can be calculated
analogous to Eq. (3.19) and (3.20) by substituting the phase shift ¢ with the standard deviation
of the phase shift o, [97]. The angular standard deviation g, is a property unaffected by the
measurement setup and therefore a measure for specimen related scattering properties. It is

related to the linear diffusion coefficient by [97]
€= — (3.23)

which is normalized to the specimen thickness At. Consequently, g, describes the specific
scattering width per unit length [125] and is directly related to the dark-field signal via Eq. (3.7).
However, this definition is strictly true only for isotropic scattering specimens in a parallel beam

setup [97].

The AC and DFC are by convention expressed as the negative natural logarithm of the
transmission T = aj/aj and the dark-field signal D. Consequently, the three modalities are
ultimately written as:

N

a Vs
AC = —In (a—2> DFC = —In (W) DPC = ¢S —¢". (3.24)
0

As introduced and demonstrated by Wang et al. [126], the dependency of the DFC on the
specimen thickness furthermore can be compensated by taking the ratio between the DFC and
AC signal. The so generated normalized image is referred to as R image or the normalized

dark-field contrast (nDFC):

DFC
DFC=—— . 3.25
n 1 (3.25)

Since both the AC and DFC scale linearly with a homogeneous specimen’s thickness (at
monochromatic radiation) the signal thereby becomes decoupled from the thickness. Therefore,

the nDFC measured behind two samples of identical material is expected to be the same
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regardless of differences in thickness, which makes the nDFC a potential modality for material
discrimination [126]. The experimental example conducted by Wang et al. [126] is shown in
Fig. 21, demonstrating the relatively constant nDFC regardless of changes in specimen
thickness. However, noise in nDFC becomes dominant at low specimen thickness, particularly

for weakly scattering materials. This is visible at the example of Nylon and Delrin in Fig. 21.

a 2.5 T T T T T T b L5

== Nylon ==—=Nylon
=== Delrin
=—=PMMA

===Teflon
PE-HD

o
=
=]
0.5¢
0 . . . . . L L 0 " . L L . "
(1] 0.5 1 1.5 2 2.5 3 3.5 4 0 0.5 1 1.5 2 25 3 35 4
Thickness (¢cm) Thickness (cm)
8 : ; : : :
c = Nylon d
= Deelrin
T [=—rMma
===Teflon
6+ PE-HD

nDFC

1 liS i 2.=5 5 3:5 4

Thickness (cm)
Fig. 21: Experimental results of wedges of high-density polyethylene (PE-HD), Teflon,
Polymethyl methacrylate (PMMA), Delrin, and Nylon. The AC, DFC, and nDFC are
plotted as a function of the material thickness in (a), (b), and (¢) respectively. The
AC projection image of the specimens with thickness increasing from left to right is
shown in (d). Note that noise in nDFC can become dominant at low specimen
thickness and weakly scattering materials. (Image reprinted from [126]. © Institute
of Physics and Engineering in Medicine. Reproduced by permission of IOP
Publishing Ltd. All rights reserved)

3.3.2 Visibility and angular sensitivity

The maximum achievable visibility within the reference scan is also an indicator for the

quality of a TLGI system as a higher visibility will ultimately allow for the detection of smaller
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changes in the refraction angle a. The smallest detectable refraction angle a,,;, therefore is a
measure for the angular sensitivity of a system and highly dependent on the standard deviation

0, (or blurring width [97]) within the measured ¢ via [123]

D2
Amin = 2, Oy . (3.26)
Strictly speaking, this equation is valid only for flat specimens positioned directly in the plane
of the phase grating. Practically, an additional factor considering the actual positioning of the
specimen between GO and G1 has to be added according to

D2 Lot

=207 3.27
Fmin = 50d 7+ 1, ¢ (3-27)

with [ being the distance from the X-ray source to GO [123]. As evident from Eq. (3.26) also
setup specific parameters effect the absolute sensitivity of a measurement or TLGI system
respectively, whereas from Eq. (3.27) it becomes obvious that a positioning of the specimen as
close as possible to the phase grating will yield the highest angular sensitivity. As demonstrated
by Donath et al. [127] the sensitivity decreases linearly with distance of the specimen to the

phase grating, reaching zero in the plane of the source or the analyzer grating, respectively.

A major factor in achieving a high fringe visibility and therefore also high sensitivity is the
choice of the X-ray spectrum with regards to the design energy E, of a TLGI system. The
visibility decreases the more the applied X-ray energy deviates from the design energy as the
(fractional) Talbot distance is directly influenced by the X-ray wavelength as by Eq. 3.8.
Furthermore, the efficiency of the phase grating to apply the desired phase shift of 7 or /2
will also be diminished for X-ray energies deviating from E,[120]. Both of these effects cause
a blurring of the interference pattern in the plane of the analyzer grating, leading to a reduction
of the visibility. Ludwig et al. [88], for example, simulated the visibility of a given TLGI system
with a design energy of 45 keV to demonstrate the dependency of the visibility with respect to
the X-ray energy as shown in Fig. 22. Consequently, maximum visibility of 37% could be
achieved with a spectrum of 60 kV peak voltage (kVp), while at the 120 kVp spectrum visibility
was reduced to only 16%. Although TLGI systems are commonly described by their design
energy, it is obvious from Fig. 22 that the visibility is a somewhat periodically rising function.
However, many other factors are limiting the effectively achievable sensitivity such as
vibrations within the setup or temperature fluctuations during measurements [123]. The
optimization of TLGI setups for high sensitivity is already extensively covered, for example, in

works by Thuering et al. [128].
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Fig. 22: Visibility as a function of photon energy simulated for a given TLGI setup of 45 keV
design energy. Two typical X-ray spectra at 60 kVp and 120 kVp are plotted alongside.
(Image modified and reused from [88] under CC BY 4.0)

3.3.3 Structure size selectivity of DFC

Unlike to the linear diffusion interpretation of the dark-field signal as applied in previous
chapters, Yashiro et al. [129] presented a model taking into account variations in refractive
effects caused by differently sized microstructures as well as setup specific parameters. They
thereby consider the phase shift @ within a wavefront as the sum of unresolvable high frequency

®@; and resolvable low frequency @, components. When @ is assumed as a random Gaussian

distribution at a width of oy, the dark-field signal can be expressed as [129]
D = e~ 0r21-v(&) (3.28)

with the autocorrelation function y, which is a function of the autocorrelation length

¢ ds g2 2 for specimens placed between
P G1 and G2, and
(3.29)
¢ dgo,s for specimens placed between
Do GO and G1 [101].

Therein, the positioning of the specimen is represented by the distance d; s, between specimen
and G2, and the distance dg( s between the specimen and GO, while setup specific parameters

are represented by the periods py and p, of GO and G2 respectively. Thus, by combining Eq.
(3.29) with Eq. (3.28), the dark-field signal at a given X-ray energy is expressed as a function

of material and setup related parameters.
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As previous related works have demonstrated [119,130,131], the dark-field sensitivity
reaches its maximum when specific relations between the size of microstructures within a
specimen and the autocorrelation length are met [132]. Since for a given TLGI setup and photon
energy the autocorrelation length varies only with the positioning of the specimen, it can easily
be tuned in order to achieve maximum sensitivity for microstructures of desired size. Lynch et
al. [131], for example, investigated this phenomenon experimentally by measuring microsphere
suspensions of different sphere diameter at varying autocorrelation lengths by changing the
specimen position with respect to the gratings. As visible in Fig. 23, the experiment provided
evidence that the dark-field signal is strongest when particles with a radius approximately equal
to the autocorrelation length are measured.

¢ d=0.125um, 15keV
o d=0.25um, 15keV

0 d=0.50um, 15keV
9 % d=0.75um, 15keV

14 d=0.125um, 33.2keV
= » d=0.25um, 33.2keV
o 1.2
b & d=0.5um, 33.2keV
5 o d=0.75um, 33.2keV
g +1 9 o Theoretical
3 08 Q
i
o

x

T 06 ¢
% T o
= 0.4 4
=

0.2 4

0 T T
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Diameter/d

Fig. 23: The normalized dark-field extinction coefficient as a function of the ratio between the
microsphere diameter and the autocorrelation length (in this figure denoted as d).
Experimental values recorded at 15 and 33.2 keV photon energy are displayed
alongside theoretical values. Obviously, the dark-field signal reaches its maximum at
a ratio of approximately Diameter/d = 2. (Reprinted with permission from [131] ©
The Optical Society.)

Consequently, this effect can be exploited for the discrimination of materials with equal
attenuation but different structural properties. However, for particles of size below 1.8 times
the autocorrelation length the dark-field signal in this experiment decreases, which is
unexpected as smaller structures should cause larger scattering angles and consequently
stronger dark-field signal. This trend most likely can be explained by the effect that the total
amount of scattered X-rays at some point rapidly decreases with structure size which effectively

counteracts the otherwise larger scattering angle [131].
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3 X-ray phase contrast and dark-field imaging

3.3.4 Directional DFC

The approach of directional dark-field imaging was first introduced by Jensen et al. [18],
wo theoretically and experimentally demonstrated the relationship of the dark-field signal to
the orientation of the grating bars relative to scattering structures within a specimen. Since a
Talbot-Lau interferometer is typically formed by line gratings, such a system is sensitive only
to scattering and phase effects in direction perpendicular to the grating bars, while scattering

and phase shifts in direction parallel to the gratings remain undetected.

d

X-Ray Detector

2 )N “ _______________ |

GO

extended
X-ray <11l
source

w=45° w=90"

DFC

\\// |

0 45 90 135 180 225 270 315 360

 []

Fig. 24: Directional dark-field imaging in the plane parallel to the gratings also known as vector
radiography. The schematic setup with a specimen containing fiber structures rotating
around the optical axis is shown in (a). In (b) different rotation angles w before the
phase grating are shown with the respective DFC measured in (¢). Maximum DFC is
measured when microstructures (fibers) are aligned parallel to the grating bars and
minimum DFC when they are aligned perpendicular. (Figure inspired by [18])
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Consequently, depending on the orientation of microstructures within a specimen, the detected
scattering intensity changes. As schematically illustrated in Fig. 24, it has been shown that
microstructures like natural or synthetic fibers within a plane parallel to the gratings evoke the
strongest scatter signal when aligned parallel to the grating bars and the weakest when oriented
perpendicular to them [133]. This effect can be exploited in order to extract information about
the orientation of scattering microstructures within a specimen. To do so, a specimen is placed
in the beam path and several DFC images at different rotation angles w around the optical axis
are recorded as explained previously. After the alignment of these images to the w =0
orientation, the data set recorded for each pixel will show a periodic DFC intensity curve as a

function of the rotation angle w that can be expressed by [133]
DFC(w) =ag+a;cos(2(w+ ¢)) . (3.30)

This function can be solved similarly to the intensity modulation acquired by the phase stepping
procedure as introduced in Chapter 3.3.1. For directional dark-field imaging a, represents the
average scattering strength within a pixel, a; describes the change in scattering with respect to
w, and the main orientation of scattering structures ¢ relative to the orientation of the grating
bars [88,133]. In other words, the average scattering strength a, can also be considered as the
isotropic part of the scattering, which is independent of the orientation of a specimen or
structure while a; is the anisotropic part, changing with the orientation [134]. The ratio between
a, and a, is a measure for the degree of anisotropy A within the specimen and ranges from 1

for perfectly aligned structures to 0 for a random distribution [135].
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Fig. 25: Directional analysis of a strawberry leaf. An X-ray transmission image is shown in (a)
alongside the dark-field images of the specimen at three different rotation angles w in
(b). It becomes obvious that the dark-field signal changes with respect to the structural
orientation within the specimen. The visibility within the red, blue, and green regions
indicated in (b) are displayer as a function of w in (¢). The main orientation angle of
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microstructures within the specimen is mapped according to the color wheel in (d),
with the image brightness representing the degree of orientation. [18] (Image reprinted
from [18]. © Institute of Physics and Engineering in Medicine. Reproduced by
permission of IOP Publishing Ltd. All rights reserved)

An example for the orientational analysis of a strawberry leafis given in Fig. 25, illustrating
the change in visibility with respect to the rotation angle w as well as color-coded results of the
structural orientation evaluated in 2D. This method of orientational analysis within a plain

parallel to the gratings is sometimes also referred to as X-ray vector radiography [133,135].

However, the scattering strength detected via dark-field imaging is also affected by the
orientation of microstructures in the three-dimensional space. As experimentally demonstrated
by Bayer et al. [136] and exemplarily shown in Fig. 26, the closer a structure comes to an
orientation parallel to the optical axis (6 = 90° and ¢ = 0° or 180°), the stronger the scattering
signal detected. Consequently, if a computed tomography scan is performed, the anisotropic
part of the scattering causes a change in the DFC. This change is not accounted for in a standard
FBP reconstruction, which assumes a constant scatter signal for a given volume element
independent of its orientation in space [19]. This fact can lead to imaging artifacts especially
for specimens containing strongly ordered microstructures such as fiber-reinforced polymers.
However, the peak in the scattering signal caused by structures aligned with the beam path also

allows for the extraction of orientational information, for example, within CFRPs [20].
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Fig. 26: (a) Dark-field visibility caused by a carbon fiber bundle in the beam path as a function
of its azimuthal angle ¢ (= CT rotation angle) at four different tilt angles 6. It becomes
obvious that the visibility is lowest, and therefore the scattering is highest, when the
fibers are aligned with the optical axis. The coordinate system including CT rotation
angle ¢ around the y-axis and tilt angle 8 around the x-axis are shown in (b) [136].
The orientation of the phase grating G1 is shown for reference. (Figure part (a)
reprinted from [136] with permission from Optica Publishing Group)
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5 Publications and Scientific contribution

S5 Publications and scientific contribution

The following subchapters present the three most important peer-reviewed journal articles
that have been published throughout the course of this doctoral work, as well as the preprint of
a fourth article currently under review. A brief introduction and summary of the main findings
are given for each article. Furthermore, contributions of each author are indicated following the

CRediT taxonomy.' An overview of these scientific articles is shown in Fig. 27.

Phase-contrast and dark-field imaging for the inspection of resin-rich areas and fiber mumm
orientation in non-crimp vacuum infusion carbon-fiber-reinforced polymers

Glinz, 1., Sleichrt, J., Kytyf, D., Ayalur-Kammnakaran, S., Zabler, S., Kastner, T, Senck, S.

Journal of Materials Science, Feb. 2021, Vol 56, 10.1007/s10853-021-05907-0

Metal Artifacts in Attenuation and Phase Contrast X-Ray Microcomputed experimental
Tomography: A Comparative Study mechanics

Glinz, J., Zabler, S., Kastner, J., Senck. S.

Experimental Mechanies, Mar. 2022, Vol 62, 10.1007/511340-022-00835-9

Non-destructive characterisation of out-of-plane fibre waviness in carbon fibre Noqg;?:;%ﬂ;e
reinforced polymers by X-ray dark-field radiography Evaluation
Glinz, J., Thor M., Schulz J., S., Zabler, S., Kastner, I., Senck, S.

Nondestruective Testing and Evaluation, Apr. 2022, Vol 37, 10.1080/10589759.2022.2063860

Non-destructive investigation of porosity in carbon fiber reinforced cyanate ester by Pr e;_)rim
grating interferometry-based X-ray radiography

Glinz, J., Plank, B., Gutekunst, J., Scheerer, M., Zabler, S., Kastner, J., Senck, S. i g
Preprint status Sept. 2023 g .

Fig. 27: Overview of scientific contributions.

1Brand, A., Allen, L., Altman, M., Hlava, M. and Scott, J. (2015), Beyond authorship: attribution, contribution,
collaboration, and credit. Learned Publishing, 28: 151-155. https://doi.org/10.1087/20150211
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These publications provide guidelines for characterizing lightweight materials and
showcase industrial applications for TLGI. The first publication features an experimental study
performed on vacuum-infusion-manufactured CFRP characterized via multimodal TLGI
imaging. Next, a comparative study on the effects of beam hardening in attenuation and phase
contrast imaging as experienced in a metal-polymer composite is presented. In the third
publication, a new method for detecting and quantifying out-of-plane fiber waviness via TLGI
radiography imaging is described. Finally, the fourth scientific contribution covers an
experimental investigation on porosity within cyanate ester CFRP plates, where influences of

varying specimen thickness on the results are considered.

Besides these journal articles, which are the main component of this doctoral thesis,
numerous complementary scientific contributions have been published in the form of journal
articles and conference proceedings. Although these works are not directly included in this
doctoral thesis, they fit well within the wider scope of non-destructive testing of lightweight
materials and thus complement the overall doctoral project. To remain within the constraints of

this thesis, only full paper publications as the first author will be summarized, as follows:

1) J. Glinz et al.,, Fast Continuous In-Situ XCT of Additively Manufactured Carbon Fiber
Reinforced Tensile Test Specimens, Acta Polytechnica CTU Proceedings, 2023 (Accepted for
publication)

2) J. Glinz et al., Influence of Continuous Fiber Reinforcement on Tensile Properties in Fused
Filament Fabricated Specimens, AIAA SciTech Forum 2023, American Institute of Aeronautics
and Astronautics Inc., https://doi.org/10.2514/6.2023-2199

3) J. Glinz et al, In-situ Characterization of Additively Manufactured Continuous
Fiber-Reinforced Tensile Test Specimens by X-ray Computed Tomography, AIAA SciTech
Forum 2022, American Institute of  Aeronautics and  Astronautics Inc.,
https://doi.org/10.2514/6.2022-1426

4) J. Glinz et al., Inspection of Fiber Waviness in Carbon Fiber Laminates by Talbot-Lau X-ray
Grating Interferometry, AIAA SciTech Forum 2021, American Institute of Aeronautics and
Astronautics Inc., https://doi.org/10.2514/6.2021-0064

5) J. Glinz et al., In-situ Compression Test of Artificial Bone Foams in Controlled Environment
using X-ray Micro-Computed Tomography. Acta Polytechnica CTU Proceedings, 2019, 25, 48—
51. https://doi.org/10.14311/APP.2019.25.0048

6) J. Glinz et al., Porosity Determination in Additively Manufactured Ti Parts using X-ray
Tomography. Proceedings of the 9th International Conference on Industrial Computed
Tomography, 2019

7) J. Glinz et al., Determination of Pore Size Distribution and Finite Element Analysis of
Additively Manufactured Ti Pedicle Screws using X-ray Microcomputed Tomography,
Proceedings of the 12th European Conference on Non-destructive Testing, 2018

8) J.Glinz et al., Determination of Pore Size Distribution in Tannin- and Lignin-based Foams using
X-ray Microcomputed Tomography, Proceedings of the 8th Conference on Industrial Computed
Tomography, 2018
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5.1 Phase-contrast and dark-field imaging for the inspection of resin-rich
areas and fiber orientation in non-crimp vacuum infusion carbon-fiber-

reinforced polymers

This work demonstrates the application of TLGI for inspecting CFRP specimens
manufactured via vacuum infusion-assisted resin transfer molding. It shows that the
complementary phase contrast and dark-field contrast images can be evaluated for increased
contrast of resin-rich areas and additional information on fiber orientation within the specimens,
respectively. Six token-sized specimens were cut from a larger component used in a passenger
aircraft. The specimens were TLGI-XCT scanned in four different orientations to enable the
extraction of fiber orientation within individual layers of the composite. Reference

measurements were performed with a standard XCT device.

With the resulting DFC image data, a layer sequence consisting of 32 layers oriented in
four main directions ([+45°/-45°/0°/90°]4S) was evaluated, while the increased contrast within
DPC images allowed for a three-dimensional visualization of resin-rich areas. By combining
both modalities, resin-rich areas could be differentiated into intra-layer and inter-layer resin-
rich areas, predominantly caused by binder yarn collimation and fiber waviness, respectively.
DFC imaging also proved useful for identifying resin-rich areas since the lack of fibers in those
regions resulted in a significantly reduced scattering signal. Theoretically, the low requirements
in spatial resolution qualify the methods presented for the investigation of larger components.
However, the applicability of TLGIXCT is still limited to a rather small FOV due to, among
other reasons, the difficulties in manufacturing sufficiently large gratings. Developments

enabling a faster and more flexible application for defect characterization are still desirable.
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5.2 Metal Artifacts in Attenuation and Phase Contrast X-Ray
Microcomputed Tomography: A Comparative Study

In this comparative study, the effects of beam hardening on image data recorded with X-
ray attenuation and X-ray phase contrast computed tomography were explored. These effects
are the cause for artifacts, particularly arising between and in close proximity to high-density
components, and are a widely known problem in both medical and industrial investigations
using XCT. To inspect beam-hardening effects on image quality, a phantom specimen
consisting of polyamide and including four Ti6Al4V inserts was designed. Both the polyamide
box and the Ti6Al4V inserts were additively manufactured by selective laser sintering and then
mechanically joined. The specimen was subsequently investigated by phase contrast and
attenuation-based XCT with varying amounts of metal pre-filtering and/or metal artifact
reduction algorithm (MAR) applied. Finally, the artifacts and image quality were evaluated
using the contrast-to-noise ratio (CNR), as well as a streak index, which provides a quantitative

metric for assessing streak artifacts arising from beam hardening effects.

The results showed that the reduced sensitivity of phase contrast imaging to beam
hardening effects can improve image quality in multi-material components and is matched by
attenuation-based XCT only in combination with hardware pre-filtering of the X-ray beam and
additional post-processing by a MAR algorithm. However, hardware pre-filtering worsens
CNR, often requiring a compromise between CNR and effective artifact reduction to be made.
Furthermore, artifacts in close proximity to the metal inserts could not be corrected sufficiently
well, except by the use of phase contrast imaging. However, phase contrast imaging also
introduced limitations, such as relatively low spatial resolution and artifacts caused by phase
wrapping effects that need to be accounted for. Although phase contrast imaging is known to
be less prone to metal artifacts caused by beam hardening, little effort has been thus made to
compare it to other, more established methods. Therefore, in the course of this work, the first

quantitative comparison of MAR, including phase contrast imaging XCT, was presented.

Authorship contribution statement

J. Glinz: Conceptualization, Methodology, Validation, Formal Analysis, Investigation, Writing
— Original Draft, Visualization, Funding Acquisition; S. Zabler: Supervision, Writing — Review
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Senck: Conceptualization, Methodology, Supervision, Project Administration, Funding
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Abstract

Background Metal artifacts arising around high-density components are a widely known problem in X-ray computed tomog-
raphy (XCT) for both medical and industrial applications. Although phase contrast imaging XCT (PCI-XCT) is known to be
less prone to metal artifacts caused by beam hardening, so far only little effort was made for its comparison to other, more
established methods.

Objective In the course of this work, this absence in literature is addressed by a quantitative comparison of PCI-XCT to
attenuation contrast XCT (AC-XCT).

Methods A polymer specimen including four Ti6Al4V inserts was investigated by PCI- and AC-XCT with different pre-filter
settings and metal artifact reduction (MAR) algorithm. Artifacts and image quality were evaluated by a streak index which
provides a quantitative metric for the assessment of streak artifacts and contrast-to-noise ratio (CNR).

Results Results showed that streak artifacts are significantly reduced in PCI-XCT and only matched by AC-XCT in com-
bination with hardware pre-filtering of the X-ray beam and post-processing by a MAR algorithm. However, hardware pre-
filtering leads to worse CNR and artifacts close to the surface of metal inserts could not be removed sufficiently by the MAR
algorithm.

Conclusions This work demonstrates the potential of PCI-XCT for the reduction of metal artifacts and presents the first

quantitative comparison to established AC-XCT methods.

Keywords Metal artifacts - Beam hardening - Phase contrast imaging - X-ray microcomputed tomography

Introduction

In the past decades, X-ray microcomputed tomography
(XCT) was established as an invaluable method for the three-
dimensional characterization of components and materials.
The possibility of an in-depth investigation of multi-material
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specimens is equally important in medical and industrial
applications. However, XCT encounters some limitations
when high-density materials such as metals are included in
the specimen, particularly in close proximity to materials of
lower density. The polychromatic nature of X-ray anodes in
laboratory XCT devices causes well known beam hardening
artifacts, which deteriorate the reconstructed XCT image
data. Polychromatic beam hardening also plays an impor-
tant role for metal artefacts which appear as bright and dark
streaks between high-density objects (streak artifacts) [1].
Furthermore, gradients of decreasing grey values towards
the center of otherwise homogeneous objects can appear
(cupping artefacts).

Both streak and cupping artefacts are caused by the poly-
chromatic X-ray spectrum which is not thoroughly consid-
ered in standard filtered backprojection (FBP) reconstruction
algorithms. These algorithms are based on Lambert—Beer’s
law which implies a linear relationship between X-ray atten-
uation and specimen thickness and is strictly valid only for
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monochromatic X-rays [2]. In a polychromatic spectrum,
lower energy X-ray photons are attenuated more signifi-
cantly. When beam hardening occurs, the X-ray spectrum is
shifted to a higher mean energy while propagating through
a specimen which results in a higher transmission as would
be assumed from Lambert—Beer’s law [3]. The resulting dark
streaks between and around highly attenuating structures
which are embedded in “softer” matrices usually appear
in combination with bright ones as a result from high pass
filtering in FBP reconstruction algorithms amplifying dif-
ferences between adjacent pixels [4].

These streak artifacts are commonly encountered in XCT
images of multi-material components, where they overlap
with specimen features thereby hindering a proper materials
segmentation by thresholding. Examples for metal artifacts
in multi-material components like electrical plugs and cir-
cuit boards are shown in [5] and [6]. In medical imaging,
these artifacts can greatly reduce the diagnostic value of
XCT images and complicate the clinical reporting [7-9].
Typical scenarios of severe beam hardening occur in the
monitoring of metal implants, e.g. after bone fracture. Meyer
et al. [10] show cases of severe streak artifacts in patients
with metallic hip prostheses, dental fillings and spine fixture.
For these reasons, procedures to reduce beam hardening arti-
facts are a heavily addressed topic in medical imaging [3]
and a considerable amount of scientific publications focus
on their comparison [2, 7, 11-18]. However, phase contrast
imaging (PCI) XCT, which is known to be less prone to
metal artifacts caused by beam hardening effects [19, 20],
has not yet been considered in these studies. In the course
of this work, this absence in literature shall be addressed
by a quantitative comparison of PCI to attenuation contrast
(AC) XCT methods.

There are several techniques for the extraction of X-ray
PCI explained in literature, such as analyzer crystal, propa-
gation or edge illumination based methods [21]. In this
work, we facilitate PCI by Talbot-Lau grating interferometer
XCT (TLGI-XCT) [22]. In contrast to the majority of other
methods, TLGI-XCT has rather low requirements in spatial
and temporal coherence and is therefore applicable at most
laboratory XCT devices with standard X-ray tubes [19]. As
explained and demonstrated by Chabior et al. [19], beam
hardening effects in PCI-XCT are qualitatively comparable
to artifacts arising in AC-XCT. However, quantitatively,
beam hardening artifacts are less pronounced because of
a reduced dependency of X-ray refraction on X-ray energy.
The linear attenuation coefficient u is proportional to y ~ 1/
E’, while its equivalent in PCI (27/2) - 6 ~ 1/E, where 4 is
the X-ray wavelength and o the real refractive index decre-
ment [19]. The dependency of attenuation and refraction on
X-ray energy can also be expressed in terms of phase cross
section o, and attenuation cross section o,,. Figure 1 shows
a comparison of ¢, and ¢, for titanium and carbon from 10
to 150 keV X-ray energy, in which the higher linearity of
o, compared to o, is visible. Additionally, o, is up to three
orders of magnitude higher than ¢, which can result in bet-
ter contrast-to-noise ratio (CNR) in PCI as shown by Zanette
et al. [23] and Herzen et al. [24]. Because of this, PCI is
most often used for the investigation of low density materials
such as biological tissue [25] or polymers [26, 27]. Values
for o, are calculated according to

0, =T1gAZ (D

where r,is the classical electron radius, the X-ray wavelength
4 and the atomic number Z of the respective material [28].
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Equation (1) is valid for X-ray energies far from absorption
edges of the material. Values for ¢, are obtained from tabu-
lated data in the XOP database software [29]. Further effects
which contribute to a lower sensitivity of PCI-XCT to beam
hardening effects are its reduced dependence on the actual
signal intensity measured by the detector, and that in PCI
using grating interferometry only a band of the X-ray energy
spectrum, around the design energy of the interferometer,
effectively contributes to the recorded phase image [30].
Gusenbauer et al. [31] have previously shown that PCI is
capable to reduce metal artifacts in a carbon-fiber-reinforced
polymer component including copper wires for lightning
protection. Furthermore, Donath et al. [30] show a medical
example of beam hardening artifact reduction by PCI.

In AC-XCT, one of the most commonly applied beam-
hardening correction (BHC) methods is the pre-filtering
of the X-ray beam with metallic plates (e.g. Al, Cu or Sn)
which have 25%-50% of the objects attenuation length and
remove low energy photons from the spectrum. Thereby, a
harder energy spectrum is created at the expense of photon
flux which generally contributes to a reduction of patient
dose and beam hardening artifacts while slightly increasing
the measurement time. I.e., the application of attenuation
filters reduces photon statistics, leading to worse signal-to-
noise ratios.

Another technique for the reduction of beam hardening
effects which has been established particularly in medi-
cal imaging, is dual-energy XCT (DECT). At DECT, two
images representing different energy spectra are recorded for
every projection view and subsequently superimposed prior
to XCT reconstruction. For most standard laboratory XCT
devices this means two consecutive measurements at dif-
ferent acceleration voltages are required, which effectively
at least doubles the measurement time. In medical XCT,
dual source devices for the simultaneous acquisition of both
energy channels are more commonly encountered. When
the two different spectra are known, virtual monochromatic
XCT images can be directly reconstructed from the dual pro-
jection data using an iterative reconstruction scheme. When
applied at sufficiently high energy levels, these virtual mono-
chromatic XCT images can reduce beam hardening artifacts
significantly [4, 11]. However, consequently and contrary
to PCI, contrast for low absorbing structures is reduced as
well [11].

Besides DECT and attenuation-filtering digital metal arti-
fact reduction (MAR) algorithms are commonly used due to
their versatility and applicability on existing data. Conse-
quently, many manufacturers of XCT systems already sup-
ply their devices with beam hardening correction methods,
e.g. for the reduction of cupping effects, by default. MAR
algorithms can be roughly categorized into physical effects
correction (e.g. beam hardening, scatter, photon starva-
tion), projection completion (interpolation) in the sinogram

domain [32] and iterative reconstruction methods [33, 34].
However, hybrid forms combining different techniques have
been developed as well [3]. Among these, the normalized
MAR (NMAR) [10] was established as a state-of-the-art
method [12, 34, 35]. Furthermore, MAR by deep learning
methods gain increasing importance as computational power
becomes more readily available with technological progress
[34-36]. Comparative studies of different MAR algorithms
for industrial [12] and medical applications [16, 37] can be
found in literature. However, this work will extend litera-
ture by the quantitative comparison of PCI- to AC-XCT in
combination with different hardware pre-filters and a MAR
algorithm.

Materials and Methods
Specimen Design

For the investigation of beam hardening effects on image qual-
ity we designed a phantom specimen consisting of Polyamide
12 (PA12) including four Ti6Al4V inserts. The PA12 box of
roughly 12X 12X 25 mm size was additively manufactured by
selective laser sintering on an EOS P 396 device (EOS GmbH,
Germany). The Ti6Al4V inserts of 1 mm diameter each were
manufactured by selective laser melting on a Concept Laser
M2 Cusing device (Concept Laser GmbH, Germany). The
two components can be easily assembled and disassembled
allowing measurements with and without metal parts in the
specimen. A schematic image of the specimen can be seen
in Fig. 2.

Experimental Setup and Parameters

Phase contrast measurements were performed on a SkyScan
1294 desktop device (Bruker microCT N.V., Belgium) which
is a dedicated phase contrast system equipped with a Talbot-
Lau grating interferometer formed by two absorption and
one phase grating, with periods of 4.8 um each, positioned
in a symmetric setup. As the system was developed for a
design energy of 30 keV, the maximum applicable accel-
eration voltage is limited to 50 kV. Additionally, a 0.045
mm thin copper pre-filter was applied to adjust the energy
spectrum for the interferometry setup. For the measurement
of titanium components this voltage is still rather low. How-
ever, a minimum transmission of roughly 7.5% was achiev-
able. With a 40002672 pixel CCD camera in 2 X 2 binning
mode the applicable voxel size of this system is fixed to 11.4
um. Phase contrast images were extracted by a phase step-
ping procedure [38] in 4 steps over one grating period. As
this effectively means a quadruplication of the acquisition
time for each angular projection image, less projections and
averaging were applied for PCI in order to reduce the total
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Fig.2 Schematic grating inter-
ferometer setup of the SkyScan
1294 device used for phase
contrast imaging. The speci-
men in the beam path as well as
source- (GO0), phase- (G1), and
analyzer grating (G2) positions
are indicated

phase stepping

X-ray ._.--"
source
GO0

scan time to approximately 3 h. Furthermore, to avoid grat-
ing misalignments caused by temperature drifts during the
scans, the X-ray tube was conditioned for approximately 2
h prior to every scan. A voxel size calibration phantom (2
ruby ball bars, distance from sphere to sphere: 12 mm) was
used for the calibration of voxel size in x—y and z direction.

Due to the low applicable voltage, the loss in photon flux
caused by the interferometer gratings and the required phase
stepping procedure, the SkyScan device is not particularly
suited for standard AC measurements. Consequently, AC-
XCT measurements were performed on a Nanotom 180NF
(GE Sensing & Inspection Technologies GmbH, Germany)
device for comparability. Two different parameter settings
at 100 kV and 150 kV were used to investigate the effects of
acceleration voltage in combination with varying pre-filter
thickness on image quality. Furthermore, a reference scan
of the PA12 box without titanium inserts was performed
at a reduced acceleration voltage of 80 kV, to optimize
image contrast. To allow for higher X-ray energies, a tung-
sten transmission target on diamond substrate was used in
combination with a 2304 X 2304 pixel flat panel detector
(Hamamatsu Photonics K.K., Japan). At the given specimen
dimensions, a maximum resolution of 8 um was achieved.
The voxel size was calibrated by scanning of a commercially
available ruby ball bar with 8 mm sphere distance. For com-
parability, measurement times were kept at approximately

Table 1 Scanning parameters for attenuation- and TLGI-XCT

X-ray detector

specimen | e

- °

3 h for all measurements. Detailed parameters are listed in
Table 1.

Image Processing and Visualization

For comparability, all data sets have been reconstructed with
the software X-AID (MITOS GmbH, Germany, version
2021.2.0, www.x-aid.de) by means of a filtered back-projection
algorithm, which includes a feature for cupping and streak-
ing artifact correction. The streak artifact correction method
is based on an advanced NMAR algorithm and allows for
an interactive reduction of streaks between and around high
attenuating metal parts. Attenuation CT data was reconstructed
with and without streaking correction for reference. Streak
artifact correction parameters were determined empirically to
minimize artifacts while avoiding overcorrection. No artifact
correction was applied for PCI data. Reconstructed data was
visualized in Volume Graphics Studio 3.4 (Volume Graphics
GmbH, Germany) and aligned by a best fit algorithm.

Image Quality Metrics

For the quantification of streaking artifacts, we used a metric
introduced by Cao et al. [39] which calculates the streak index
(ST) on the basis of line profiles between two metal inserts as
shown in Fig. 3. The equation defined by Cao et al. is as follows:

XCT-System Voxel size Voltage Current Exposure time Projections Averaging Pre-filter Time
pm kV pA ms mm min
Nanotom 180 NF 8 100 120 500 2800 6 - 168
Nanotom 180 NF 8 150 150 800 2800 6 0.5 Cu 192
Skyscan 1294 114 50 1000 800 800 3 0.045 Cu 194
Nanotom 180 NF* 8 80 270 500 2800 6 - 168

*Parameters of the reference scan without titanium inserts
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However, equation (2) was slightly altered as it is designed
for integer type datasets. As we were using floating comma
point data for this work, the constant C, which keeps the SI
in a range below 1, can be omitted. M, is defined as the mean
grey value in the image background (air) from a region not
affected by streak artefacts. [, , and I, , are the line profile
maxima and minima respectively, determined in the uncor-
rected dataset as shown in Fig. 3. Their positions in the line
profile are used for the extraction of grey values in all fol-
lowing datasets. In the case of an overcorrection, the SI can
reach negative values while (with the omission of C) a value
above 1 indicates streak artifacts darker than the background
grey value. From each data set, 60 line profiles were extracted
from pore free regions and evaluated as explained above.

In order to compare the overall image quality and pos-
sible effects of MAR, the CNR was calculated subsequently
according to [24]:

_ = 1

\/0'31+GZ )

where u,, and u, are the mean signals and o,, and o, their
standard deviations measured in the material and background
(air) respectively. Material values were extracted from the
whole cross section of the PA12 box excluding pores and tita-
nium inserts. Pores and drill holes for titanium inserts were
determined via a reference scan of the PA12 box without

CNR

Fig.3 Line profile across a
streak artifact as indicated in
the cross-section (green line) on
the left. Maxima and minima
(Ipl,2 and Iv1,2) detected in the
uncorrected dataset are shown
in comparison to the same line
profile from a dataset corrected
using a MAR algorithm

titanium inserts and subtracted from the cross-sections. For
every dataset, CNR values were extracted in a region affected
by streak artefacts and in an artefact free region below the
height of the metal inserts for comparison.

Results

Reconstructed slice images of the specimen resulting from dif-
ferent beam hardening correction methods are shown in Fig. 4.
Without the application of a pre-filter to remove low energy
photons from the spectrum, severe streak artifacts emerge
between and around the metal inserts (Fig. 4(a)) in AC-XCT.
The streak artifacts cover potentially interesting structures in the
lower attenuating polymer and, e.g., evaluation of porosity will
be heavily affected. Also, with the application of a MAR algo-
rithm, these artifacts are too severe to be completely removed
by post-processing of the data (Fig. 4(b)). By application of a
0.5 mm copper pre-filter, streak artifacts can be significantly
reduced, but not completely avoided as shown in Fig. 4(c).
Though, with subsequent application of a MAR algorithm, a
streak index close to zero can be achieved without significant
overcorrection (Fig. 4(d)). In PCI-XCT streak artifacts are
perceptibly lower. However, because of the high refraction of
X-rays caused at the metal inserts, additional streaks in radial
direction of the inserts arise because of phase wrapping effects
[23]. Furthermore, when comparing PCI and AC slice images,
the metal inserts appear to be larger in AC, because of their
much higher attenuation in reference to the surrounding poly-
mer. Consequently, the metal appears to be radiating across its
actual material borders, which complicates the visualization of
structures in close proximity to the metal inserts.

In Fig. 5, boxplots of the streak index for 60 line profiles
in each dataset are shown. The mean streak index accord-
ing to equation (2) is indicated with a cross (x) and outliers
with a plus (+) symbol. The biggest improvement in SI by
MAR algorithm can be observed in the AC dataset without
pre-filtering applied, reducing it to a similar level as for the
AC dataset with 0.5 mm copper pre-filter, but without MAR
algorithm applied. This pre-filtered AC dataset can further
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Fig.4 Cross-sectional images
of the specimen. (a) AC-XCT
without pre-filter, without
MAR. (b) AC-XCT without
pre-filter, with MAR. (¢) AC-
XCT with 0.5 mm Cu pre-filter,
without MAR (d) AC-XCT
with 0.5 mm Cu pre-filter,

with MAR. (e) PCI-XCT (f)
AC-XCT reference scan without
metal inserts. In PCI-XCT,
additional streak artifacts
emerging radial from the metal
inserts (caused by phase wrap-
ping) are visible

be corrected to a SI close to zero, while the SI of the PCI
dataset levels somewhere midrange between MAR corrected
and uncorrected pre-filtered AC data. As a reference, the SI
in a dataset without metal inserts is plotted as well, which is
slightly below zero, because of image noise.

For the investigation of edge sharpness and the effects
of metal artifacts on the detectability of material interfaces,
additional line profiles across two pores as well as one metal

SEW
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insert are shown in Fig. 6. Line profiles were plotted for
both datasets with MAR algorithms applied, the PCI-XCT
dataset and the dataset without metal inserts. A lower edge
sharpness in PCI-XCT due to the reduced spatial resolution
caused by the extended source size of the SkyScan system
[40] can be seen by the reduced slope at pore interfaces.
Additional edge enhancement in attenuation XCT data,
caused by propagation based phase effects, is visible in some
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Fig.5 Streak index boxplots for all datasets investigated. From left
to right: AC-XCT without pre-filter, without MAR. AC-XCT with-
out pre-filter, with MAR. AC-XCT with 0.5 mm Cu pre-filter, with-
out MAR. AC-XCT with 0.5 mm Cu pre-filter, with MAR. PCI-XCT.
AC-XCT without metal inserts. The mean streak index is indicated by
a cross (x), outliers with a plus (+) symbol

cases. The low CNR in pre-filtered data is also clearly visible
as well as declining grey values towards the center of the
specimen in PCI. When comparing line profiles across the
metal insert in AC and PCI, it becomes more obvious, that
artifacts close to the metal surface overlap a gap between
the metal insert and polymer box in AC. In PCI-XCT, such a
gap is clearly visible in both the cross-section image and line
profile. Mean grey values of the polymer material are indi-
cated with dashed horizontal lines to highlight the increased
grey values around the metal insert in AC.

CNRs in regions with and without streak artifacts are
shown in Fig. 7. In regions without streak artifacts, unfil-
tered as well as PCI-XCT data show CNRs comparable to
the reference measurement without metal inserts. However,
in regions with streak artifacts, CNR is greatly reduced.
Therefore, in unfiltered datasets, a significant part of CNR
can be regained by application of artifact correction algo-
rithms. Hardware pre-filtering on the other hand clearly
reduces the CNR as a consequence of the reduction in pho-
ton count. Additionally, due to the higher acceleration volt-
age applied, increased photon energies lead to a reduction
of the linear attenuation coefficient y, which further reduces
the CNR. Consequently, streak artifacts decrease the already
low CNR only marginally as well as MAR algorithms have
only minor effect on it. The CNR of PCI-XCT data positions
on second place in the comparison. The consistent CNR
in regions without streak artifacts before and after MAR

algorithms were applied indicates that the applied algorithm
affects only regions where actual streak artifacts are present.
SI and CNR values evaluated are listed in Table 2.

Discussion

The comparison of five datasets with different streak arti-
fact reduction approaches shows how significantly different
contrast modalities can affect the resulting image quality.
Besides well-established methods, such as hardware pre-
filtering of the X-ray spectrum, we have shown that the
reduced sensitivity of PCI-XCT to beam hardening effects
can provide an alternative modality for investigations e.g.
of multi material components. However, it is clear that PCI-
XCT comes with its own limitations and problems when
investigating multi material components including metal
parts. As could be seen in Fig. 4(e), additional streak arti-
facts appearing in radial direction from the metal inserts can
deteriorate image quality and also affect the CNR. Zanette
et al. [23] found that such artifacts are entirely caused by
phase wrapping effects whereas Massimi et al. [41] pre-
sented an artifact reduction algorithm significantly reducing
these streaks recently. Moreover, a gradient towards lower
grey values in the center of the specimen, between the metal
inserts, can be observed. The reason for this lies in the X-ray
energy dependent efficiency of the interferometer [30, 42].
Particularly the metal inserts cause a hardening of the X-ray
spectrum and therefore a mismatch with the design energy
of the grating interferometer. Consequently, a segmentation
of the polymer material volume, e.g. by global threshold, is
impeded. However, this effect can also be reduced by use of
a more appropriate interferometer setup. The grating inter-
ferometer used for this work was not particularly designed
for investigations including metal components, as its design
energy lies at 30 keV with a maximum applicable peak
energy of 50 keV. Using current state of the art interferom-
eter gratings, significantly higher design and peak energies
can be realized, which will positively affect beam hardening
as well as measurement time can be reduced. Also, addi-
tional MAR methods for PCI-XCT may be developed, e.g.
as shown by Yan et al. [43], who introduced a MAR method
applicable for inhomogeneous, multi-material specimens.
The resulting SI in Fig. 5 showed that, in terms of streak
artifacts, PCI-XCT is superior to AC-XCT when no MAR
algorithms are applied. Nonetheless, larger, high density
metallic components might still push PCI-XCT to its limits.
The use of AC imaging in combination with pre-filters and/
or MAR algorithms therefore is equally valid. Although,
often a compromise between image noise and streak arti-
fact reduction has to be made when hardware pre-filters are
applied. In case of the specimen investigated, streak artifacts
could not be completely removed by the MAR algorithm if
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Fig.6 Line profiles through two pores on the left and through a metal
insert on the right. Polymer material mean grey values are indicated
by horizontal dashed lines. Red arrows indicate edge enhancement

no pre-filter was used at all. With a pre-filter of 0.5 mm
Cu applied the remaining artifacts could be removed by
the MAR algorithm sufficiently enough to achieve a SI of
zero at a considerably reduced CNR. Consequently, a reduc-
tion of the pre-filter, e.g. to 0.2 mm Cu, might be the most
obvious solution, as long as remaining artifacts can still be
removed by MAR algorithms.

These MAR algorithms proved to be efficient for sim-
ple geometries as shown in this work. However, increasing
size and geometrical complexity of metal parts will often
lead to less satisfying results. Moreover, MAR algorithms
can also introduce new artifacts, e.g. by overcorrection, as

SEW
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caused by propagation based phase effects in AC_w/o_metal. Note
the logarithmic scale in some of the plots. Scale bars correspond to
1 mm

experienced at various examples in literature [15, 37, 44].
We also found, that although streak artifacts distant from
the metal inserts can be removed acceptably well, artifacts
close to the metal surface still remain. This can hinder the
inspection of the metal-polymer interface and gaps between
the materials might be underestimated or thin gaps even
completely missed. Also in medical applications, regions
in close proximity to metal implants often are of particular
interest for diagnostic reasons [8].

The evaluation of CNR in streak affected and streak free
regions indicates that the MAR algorithm used during this
work does affect only regions where streak artifacts occur.
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Fig.7 Comparison of the CNR in all datasets investigated. Blue bars
correspond to the CNR in regions unaffected by beam hardening arti-
facts. Orange bars correspond to the CNR in regions with beam hard-
ening artifacts

In streak free regions, CNR is consistent before and after
MAR. In case of the hardware pre-filtered datasets, CNR is
mostly decreased by image noise and the reduced attenuation
coefficient at high photon energies as the subsequent MAR
has only little effect on it. On the contrary, datasets without
pre-filtering show greatly increased CNR after the applica-
tion of a MAR algorithm, indicating that the reduction in
CNR is mostly caused by streak artifacts. The high CNR
in PCI-XCT (being second only to the unfiltered but metal
artifact corrected dataset) was previously also experimentally
investigated by Zanette et al. [23] and Herzen et al. [24].
Furthermore, streak artifacts from phase wrapping effects as
well as more pronounced ring artifacts most likely caused an
additional reduction of CNR in the PCI-XCT dataset. Con-
sequently, CNR could be enhanced significantly if respective
artifact reduction methods are applied. However, the main
focus of this work was the investigation of the influence of
metal artifacts and artifact reduction methods on the CNR
for which the uncorrected datasets are considered sufficient.
For sake of comparability, parameters of individual measure-
ments were chosen to achieve measurement times of approxi-
mately three hours. Nevertheless, PCI and pre-filtered AC
scans took up to 26 min longer. Consequently, AC scans

Table 2 Streak index (SI) and contrast-to-noise ratio (CNR) evalu-
ated in regions with and without streak artifacts of every dataset
investigated

SI CNR no streaks CNR streaks
AC_NofFilt 1.422+0.066 9.315 1.582
AC_NoFilt_ 0.305+0.066 9.315 6.157
MAR
AC_0.5Cu 0.313+0.132 3.244 3.107
AC_0.5Cu_MAR 0.018+0.161 3.244 3.131
PCI-XCT 0.167+0.164 9.110 4.887

AC_w/o_metal -0.008+0.078 10.157 -

without pre-filtering might actually result in slightly better
CNR values than depicted in Fig. 7.

Conclusions

We have shown that the reduced sensitivity of PCI-XCT to
beam hardening effects can improve streak artifacts in multi-
material components. We presented the first quantitative
comparison of PCI-XCT which has been widely neglected
in comparative studies of MAR methods so far. Furthermore,
PCI-XCT showed relatively high CNR while hardware pre-
filtering in combination with MAR algorithms often requires
a compromise between CNR and effective artifact reduction.
However, PCI-XCT also comes with its own limitations such
as relatively low spatial resolution and artifacts caused by
phase wrapping. Most other drawbacks typically found in
literature can widely be counteracted by use of appropri-
ate phase contrast method and system design. To this end,
PCI offers a lot of potential for industrial as well as medical
applications. Future investigations will include the applica-
tion to a selection of use-cases such as electronic devices or
medical implants like bone fixations and artery stents.
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5 Publications and Scientific contribution

5.3 Non-destructive characterization of out-of-plane fiber waviness in

carbon fiber reinforced polymers by X-ray dark-field radiography

Fiber waviness is a manufacturing defect frequently encountered in fiber-reinforced
composites that can severely degrade the mechanical strength of a component. Consequently,
detecting and characterizing unintended deviations from the designed fiber orientation are
important tasks in the quality assessment of safety-critical components. This work proposed a
new method for detecting and quantifying out-of-plane fiber waviness in carbon fiber
composites that utilizes the directional sensitivity of X-ray dark-field imaging. In contrast to
full XCT scanning of a specimen, this method relies on radiographic imaging of only a few
angles to reduce measurement times and enable investigation of relatively large components.
The method was tested on two token-sized specimens, including non-uniform, out-of-plane
fiber waves with an amplitude of 2 mm at a length of 15 mm and 10 mm, respectively. These

were compared to a reference specimen with identical fiber layup but no waviness.

Fiber waviness has been shown to be qualitatively detectable by single radiographic images
due to the strong scattering signal caused by fibers aligned parallel to the X-ray beam.
Furthermore, the study introduced a procedure for quantitatively evaluating waviness angles,
which typically requires recording a series of projection images in the low two-digit range. With
this approach, the maximum occurring wave angles could be determined within the test
specimens at less than + 1.5° error compared to results achieved by full computed tomography
scans. Although some restrictions existed regarding detectable fiber orientation and some prior
knowledge is necessary to minimize measurement time, the method provides a valid option, for
example, for in-line monitoring, in which specimens of similar features and waviness are

expected.
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Abstract:

In this work we explore the capabilities of Talbot-Lau grating interferometry (TLGI)
radiography for the inspection of porosity in structural specimens of cyanate ester carbon fiber
reinforced polymer. The influence of system resolution and varying specimen thicknesses on mean
values and standard deviations (STDV) in all three image modalities acquired by TLGI are addressed.
Results show that mean absorption contrast (AC) values are highly affected by specimen thickness
and strong negative correlation (r < -0.8) is found only after correction via preliminary thickness
measurements. Although dark-field contrast (DFC) is affected by changes in specimen thickness as
well, the signal can be corrected by normalization with the inherently available AC. Consequently,
strong positive correlation with porosity was found both in high- and low-resolution imaging (r =
0.83 and 0.71 respectively). Without the need for high image resolution or thickness measurements,
the normalized DFC is a promising option for large field of view inspections. Investigations of STDV
revealed strong positive correlations between porosity and AC STDV as well as differential phase
contrast (DPC) STDV (r = 0.95 and 0.92 respectively) but high image resolution is required.
Furthermore, results suggest increased robustness against variations in specimen thickness of AC and
DPC STDV analyses.

Keywords: Cyanate ester composites, Porosity, Non-destructive testing, X-ray radiography,

Grating interferometry
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1 Introduction

Ever since the introduction of composite material systems to automotive, aerospace and energy
related industries, the characterization of structural components has been of particular interest for
manufacturers as well as maintenance and service providers. Cyanate esters are thermosetting
polymers popular in aerospace applications due to favorable mechanical properties, low water
absorption and high temperature stability [1,2]. Nevertheless, insufficient impregnation or
inadequately chosen curing parameters can lead to porosity within carbon fiber reinforced polymers
(CFRPs) often in the form of needle-shaped pores aligned with fiber orientation [3,4]. Such porosity
can negatively affect the mechanical strength of a composite material as, e.g., interlaminar shear
strength as well as tensile and flexural properties are directly relatable to component porosity [5—7].
Consequently, high demanding applications often require porosity contents not to exceed 1-2 % in
finished components [8]. Especially in high aspect ratio components three-dimensional non-
destructive testing (NDT) methods such as X-ray microcomputed tomography (XCT) often fail to
provide results within reasonable time and detail. Therefore, radiographic methods for a faster
inspection at larger field of view (FOV) are desirable. However, the quantification of porosity via X-
ray absorption based radiographic testing (RT) has proven to be difficult as variations in specimen

thickness directly affect the absorption signal.

With the development of dark-field- and phase-contrast sensitive methods such as Talbot-Lau
grating interferometry (TLGI) [9,10] or Edge-Illumination based setups [11,12], new possibilities for
the inspection of otherwise low contrast materials have emerged. The dark-field contrast (DFC) is
sensitive to small angle scattering caused by microstructures even below the imaging resolution. In
previous publications this sensitivity was utilized for the investigation of porosity in aluminum weld
lines [13], micro cracks and porosity in CFRP [14—16], characterization of carbon fiber orientation
[17-19], microstructures in biological materials [20] as well as further medical applications [21-23].
In comparison to the standard absorption contrast (AC) the differential phase contrast (DPC) shows
higher sensitivity for low attenuating, low atomic number materials [24] such as polymers and
biological tissue [25,26] and is less prone to beam hardening effects [27,28]. Recently, Shoukroun et
al. [29] demonstrated how the refraction of X-rays at material interfaces affects the standard deviation
(o) of the DPC signal which consequently can be used for the inspection of porosity from structures
larger than the imaging resolution, e.g., in CFRPs. Conversely, the sub-pixel detail detectability of
the DFC makes it a promising modality for the detection of porosity below the imaging resolution

such as micro-porosity between individual carbon fibers [30].

In this work we explore the effects of porosity in cyanate ester CFRP specimens on all three
imaging modalities acquired by TLGI including changes in mean values as well as standard deviations
of the signals. Furthermore, the effect of varying specimen thicknesses on recorded image modalities
will be addressed as well. For that, two different TLGI setups are utilized to acquire high- and low-

resolution images in small and large FOVs respectively.
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2 Materials and Methods

Six specimens manufactured from unidirectional cyanate ester prepreg sheets (CNT-PT-
30/Carbon fiber) at a quasi-isotropic layup of +45°/-45°/0°/90° fiber orientation were investigated
(see Figure 1b). Specimen dimensions are 50 mm height, 20 mm with and 1.85**%” mm in thickness.

Specimen porosity was determined by X-ray micro-CT on a Nanotom 180NF (GE Sensing &
Inspection Technologies GmbH, Germany) device. At a voxel size of (12.5 um)?® a region of roughly
19 mm height in the center of each specimen could be captured. Consequently, the following
evaluations were also limited to these regions. To account for porosity smaller than the imaging
resolution, additional region of interest scans have been performed at (4.8 pm)* voxel size. Porosity
was evaluated in these regions by ISO50 thresholding. Subsequently, the ISO threshold for porosity
evaluation in the (12.5 pm)?* voxel size data was adjusted until porosity values matched those of the

higher resolution scans [31]. Specimen porosity ranged from roughly 2.5 % to 11 %.

The specimens were investigated in two different TLGI devices for low- and high-resolution
radiography imaging. The low-resolution device consists of an interferometer grating setup of the
“Talint-LAB” series with 40 keV design energy provided by microworks GmbH (Germany)
implemented in a RayScan 250E device (see Figure 1a). The source- (G0), phase- (G1), and analyzer-
grating (G2) are fabricated with periods of 10 um, 8.9 pum and 8 um respectively and are placed at
distances of 72.5 cm (GO0-G1) and 57.6 cm (G1-G2). At these specifications, the system allows
relatively large components to be measured in a field of view of roughly 50x50 mm at an isometric
resolution of 140 pm and an autocorrelation length of 2 um. A specimen stage was implemented for
remote controlled specimen centering and recording of flat-field references. The high-resolution
device is a commercial Bruker Skyscan 1294 TLGI-XCT system with a design energy of 30 keV and
grating periods of 4.8 um each. Gratings are placed in a symmetric setup at 28 cm total length. At an
isometric resolution of 5.7 um (without binning) and an autocorrelation length of 1.6 pm a FOV of

20x16 mm can be imaged.

! remote PC for
" specimen § | alignment/positioning

 stage

Figure 1: a) Photography of the low-resolution TLGI-System implemented in the RayScan 250E device. The
X-ray detector is situated to the right of the G2 grating outside of the FOV. b) Photography of specimens S1
to S6.
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Each specimen was imaged separately in the center of the FOV to avoid eventual shadowing effects
towards the borders of the FOV [32]. Absorption, dark-field and phase contrast modalities were
extracted by a phase stepping procedure [33] in 4 steps over one grating period. Each detector pixel
thereby records a sinusoidal intensity function whose visibility is defined as V = A/I,, with the
signal amplitude A and mean intensity /). The change in mean intensity, visibility, and phase shift ¢
in reference to image data without a specimen in the beam path the absorption, dark-field and
differential phase contrast can be calculated:

lo,0bj _ Vobj —
AC = —In (ﬁ) DFC=—In (V—;) DPC = @op; — Prey (1)

To avoid image quality degradation, low-resolution AC images were recorded separately without
interferometer gratings in the beam path of the RayScan device. High-resolution AC images were
extracted from TLGI data, as the interferometer gratings of the Skyscan device are not removable.
However, for each projection image 10 frames were averaged to compensate for low photon statistics.

Detailed imaging parameters are listed in Table 1.

XCT-System Z;;):el l\g;ltage l(Lfll;rrent E);posure time Projections  Averaging Pmrlfl-ﬁlter
l;iyéfa“ W 140 60 2500 5000 1 - -
l;iyéfa“ w40 60 2500 1000 1 - -
Skyscan 1294 114 35 1300 1300 1 10 0.025 Al
Nanotom 180, 5 ¢, 260 900 1800 4 -

NF

Table 1: Parameter settings for radiography and XCT measurements on the devices used.

To correct for variations in specimen thickness in DFC, the normalized DFC (nDFC) [34,35]
was calculated using the AC of the respective TLGI measurement:

DFC
nDFC = c (2)

Since in TLGI the AC and DFC modality are acquired simultaneously, they are perfectly registered
inherently. Furthermore, specimen thickness d was measured with a high precision outside

micrometer to calculate the linear absorption coefficient from AC data:

AC

Ho=— 3)

For the correlation analysis a quadratic region of (18x18) mm? within the recorded FOV was
defined which was subsequently sectioned into 20x20 tiles, each significantly larger than the average
pore diameter. Within these tiles, mean value and standard deviation (o) of all three modalities were
calculated and standardized to zero mean and unit standard deviation for comparability. However,
mean values of the DPC signal were not further evaluated as the TLGI method is sensitive to the first

derivative of the phase shift [24] and consequently, mean values should always be zero. Due to the

4
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limited FOV of the Skyscan system only the top 15 rows of these tiles have been evaluated.
Furthermore, the gratings of the system are not bent to fit the cone beam geometry, which causes
shadowing effects reducing the visibility close to the left and right borders of the FOV. Since the
specimens barely fit the field of view, these effects can negatively influence the image quality of the
measurements [32] which is why the 5 columns closest to the left and right image border were
excluded from further evaluations. As the FOV of the low-resolution TLGI system is large enough
that only approximately 50 % in width are covered by each specimen, shadowing effects are

considered negligible.

Correlation (r) between individual imaging modalities and porosity was evaluated in MATLAB
R2021b by means of two-sided Spearman correlation.

3 Results and discussion

In this section, the results from XCT porosity analysis in comparison to AC, DPC and DFC
radiography measurements are presented. Resulting image data is plotted and for selected modalities
the 20x20 tiles evaluated are shown in color coded distribution. Investigations of 3D-XCT data
revealed that porosity within the specimens mainly occurs in the form of needle-shaped pores aligned
with the direction of fiber orientation in the respective layer. Figure 2 shows the minimum intensity
projections of the 3D-XCT data across the flat side of the specimens to give an overall impression of
the porosity distribution within the specimens. Only the central, XCT scanned part of the specimens
is shown, and regions evaluated for specimen porosity are indicated in cyan. Specimens S2, S5 and

S6 appear notably darker indicating higher porosity compared to specimens S1, S3 and S4.

51:34 % S52:9.1 % S3:26 % ~ S4:45% S$5:10.7 % S56: 8.7 %

Figure 2: Minimum intensity projection of 3D-XCT volume data of specimen S1 to S6. The investigated
regions are indicated in cyan. Porosity evaluated is indicated above each respective specimen.

The image data acquired via low- and high-resolution TLGI radiography are presented in Figure
3 and Figure 4 respectively. Due to the larger FOV of the low-resolution TLGI-system, the complete
specimens could be depicted. However, since reference data from 3D-XCT is only available for the
central indicated regions, only these were further evaluated. The high-resolution TLGI-system in
return covers a FOV too small for the whole region of interest. Consequently, only the upper three

quarters of each region were imaged with this system as notable in Figure 4.
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Figure 3: AC-, DFC- and DPC-radiography data recorded with the low-resolution TLGI-system. Specimens
S1-S6 are shown from left to right. The regions evaluated are indicated by cyan squares.

The results from the correlation analysis are shown in Table 2. As expected, it is notable, that
mean AC values show rather weak negative correlation (r > -0.40) with porosity because of the
varying specimen thickness. After the correction for these variations by calculating the linear
absorption coefficient p, the correlation is significantly increased (r < -0.8). Similarly, the correction
for variations in specimen thickness by calculating the nDFC increases the correlation of the dark
field mean values up to r = 0.71 in low-resolution and r = 0.83 in high-resolution scans (see Figure
S5c-d and Figure 6¢-d). As mentioned earlier, mean values of the DPC signal were not further
evaluated as they should always be zero inherently. Investigations of standard deviations revealed no
significant correlation in dark-field modalities as well as low-resolution absorption- and phase-
contrast data (see APPENDIX Fig. A.1 & A.2). However, very strong positive correlation (r > 0.90)
was found between porosity and high-resolution absorption- and phase-contrast standard deviations
(see Figure 6 e-h). All results shown proved to be significant (P << 0.05) with exception of standard

deviation data from dark-field modalities and low-resolution cppc*mm-1.
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Figure 4: AC-, DFC- and DPC-radiography data recorded with the high-resolution TLGI-system. Specimens
S1-S6 are shown from left to right. The regions evaluated are indicated by cyan squares. Note that the regions
evaluated are smaller in height due to the limited FOV of the system.

r

Modality Low-res High-res
AC -0.33 -0.40
1l -0.86 -0.80
OAC 0.11 0.95
Gu -0.06 0.93
DFC 0.64 0.74
nDFC 0.71 0.83
ODFC -0.12 -0.12
GnDFC -0.06 0.12
ODPC 0.18 0.92
oppc*mm’! 0.02 0.90

Table 2: Correlation (r) for all modalities evaluated from low- and high-resolution data.

The comparison of AC and p mean values in Figure 5a-b (low-res) and Figure 6a-b (high-res)
shows the effect of specimen thickness on the AC signal. While correlation between AC and porosity
is strong within each individual specimen (r < -0.62), differences in specimen thickness cause an
offset between specimens, reducing the overall correlation. Although thickness among specimens
varies in a range of less than +4 %, the effect on AC correlation with porosity is obvious. This effect
can be observed in low- as well as high-resolution scans and can be considered the main limiting
factor for AC measurements without preliminary thickness evaluations. After taking specimen
thickness into consideration by calculation of p, relatively strong (negative) correlation with porosity
could be achieved. Since p was calculated with a single value acquired by measurement with an

outside micrometer, thickness variations within a specimen naturally are not taken into consideration.
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Figure 5: Mean values within each tile evaluated from low-resolution data plotted against porosity. Data is
standardized to zero mean and unit standard deviation. a) AC without correction for specimen thickness. b)
AC with correction for specimen thickness (). c) DFC without correction for specimen thickness. d)
normalized DFC (nDFC).

The influence of specimen thickness on standard deviation in AC and DPC measurements is
visible from Figure 6e-h. A change in r of less than 0.02 suggests the standard deviation measurements
to be more robust against thickness variations. However, sufficiently high image resolution is
required, as only porosity larger than the system resolution will affect the STDV beyond changes in
image noise. Consequently, the method is limited to relatively small FOVs. Furthermore, while mean
values can theoretically be evaluated pixel-by-pixel, standard deviations must be evaluated in regions

significantly larger than the average pore size, which limits detail investigations to some extent.

Figure 5c and Figure 6¢ show the non-linear relationship between mean DFC values and porosity
where specimens with high porosity tend to show weaker correlation. It is likely, that this behavior is
caused by the structure size selectivity of the DFC signal which peaks approximately at structure sizes
twice the diameter of the autocorrelation length and decreases at larger structure size [36].
Consequently, equal porosity formed by many small pores can cause more scattering than porosity
formed by fewer large pores. At autocorrelation lengths of 2 pm and 1.6 um of the low- and high-res
systems used respectively, ideal structure size in direction of sensitivity would be about 3-4 pum.
However, 3D-CT data revealed that pores can occasionally accumulate to structures spanning more
than 100 um in direction of sensitivity, which explains weak correlation for high porosity regions in
DFC.

The calculation of the nDFC with the measured AC signal (Eq. 2) counteracts this effect to some
extent as the AC is not only affected by specimen thickness but porosity as well. Consequently, the
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for variations in specimen thickness.

3)4 b)4
=81 452 =«S3 x54 +55 +56 *=S51 4852 x53 x54 -85 +856

2 Tl

0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
porosity % porosity %

*S51 452 x53 x54 +55 +56 51 4852 «53 x54 <55 +56

0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
porosity % porosity %

-3 -3
4 =51 2452 x83 x54 55 +56 25 *=51 482 x83 x54 +55 +56
0 2 4 6 g 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
porosity % porosity %

=
=

. o ‘
£
E
o
o
[=}
=]
-3 =3
" =51 +52 =53 x54 +55 +56 a =81 482 «53 xS4 S5 +56
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
porosity % porosity %

Figure 6: Mean and standard deviation values within each tile evaluated from high-resolution data plotted
against porosity. Data is standardized to zero mean and unit standard deviation for comparability. a) Mean
AC without correction for specimen thickness. b) Mean AC with correction for specimen thickness (). c)
Mean DFC without correction for specimen thickness. d) Mean normalized DFC (nDFC). e) Standard
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deviation in AC without correction for specimen thickness. f) Standard deviation in AC with correction for
specimen thickness (). g) Standard deviation in DPC without correction for specimen thickness. h) Standard
deviation in DPC with correction for specimen thickness.
The correlation between porosity and (n)DFC could thereby be increased by up to 0.56 as in specimen
S2 from r=0.08 to r=0.64. A separate comparison of the effects of the dark-field normalization for

individual specimens is shown in Table 3.

Low-res High-res
Specimen#  rprc  Iruprc Ar IYDFC  YnDFC Ar porosity %
S1 0.66 0.75 +0.09 0.68 0.84 +0.16 343
S2 025 0.62 +0.38 0.08 0.64 +0.56 9.11
S3 0.76  0.83 +0.07 0.73 0.85 +0.12 2.58
S4 0.66 0.79 +0.13 0.75 0.88 +0.13 4.54
S5 024 0.58 +0.34 0.27 0.71 +0.44 10.73
S6 041 0.62 +0.20 0.50 0.79 +0.29 8.72

Table 3: Correlation between porosity and DFC or nDFC respectively for individual specimens. An increase
in correlation by normalizing the DFC is especially notable in specimens with high porosity.

The correlation between porosity and AC mean values in comparison is relatively unaffected by total
specimen porosity. For specimens with low porosity (< 5%), the nDFC shows stronger correlation
than AC. For specimens with high porosity (> 8%) the AC shows stronger correlation. Consequently,
the nDFC proved useful primarily for samples with low porosity and pore size, and varying wall

thickness, where the AC is impractical without preliminary thickness evaluations.

For modalities that revealed strong correlation (r > 0.65) results were plotted in a color-coded
map of evaluated tiles within the regions of interest in Figure 7. Note that the linear absorption
coefficient u correlates negatively with porosity and consequently, colors appear inverted. It is
notable, that the nDFC shows strong positive correlation also in low-resolution measurements (r =
0.68).

Due to the directional sensitivity of the grating interferometry method it has to be mentioned
that, despite the quasi-isotropic layup of the CFRP, not all porosity contributes to the results equally.
Needle shaped pores oriented in direction of sensitivity, i.e., perpendicular to the grating orientation,
will evoke less scatter and phase signal. Consequently, the results presented in this paper primarily
represent porosity oriented parallel to the gratings, followed by pores oriented in diagonal orientation.
This fact might as well reduce the correlation of DFC & DPC modalities, as the compared porosity
results consider all porosity equally, regardless of its orientation in space. Therefore, correlation of
DFC & DPC modalities with porosity could be more significant for specimens including rather
spherically shaped pores. Furthermore, the gratings of the high-resolution TLGI System are not
removable, which is why high-res AC is recorded with gratings in the beam path reducing its image
quality. Consequently, high-res AC results could possibly be improved by switching to a standard

high-resolution X-ray device.
10
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Figure 7: Color coded distribution of porosity and selected modalities evaluated. Only modalities that
revealed strong correlation (r > 0.65) are shown. Border tiles of High-res measurements are shown in the
images but were excluded for evaluations of correlation.

4 Conclusion

We have found that at sufficiently high resolution the standard deviation of the AC is an equally
valid measure for the estimation of specimen porosity as is the standard deviation of the DPC. While
the AC signal is heavily affected by specimen thickness and preliminary measurements are necessary
for correction, results suggest relatively high robustness of standard deviation in AC and DPC against

variations in specimen thickness. The DFC signal in comparison can be normalized (nDFC) by the
11
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inherently available AC data and shows strong correlation also with porosity of scale below the
resolution of the TLGI system. Moreover, compared to the DFC, the nDFC revealed higher sensitivity
for porosities above approximately 8% in the case of the specimens investigated. Without the need
for high system resolution or preliminary thickness measurements, the nDFC is a promising option
for large FOV investigations, currently limited primarily by grating dimensions. However, multiple

gratings can be stitched together as demonstrated in [37], to achieve a FOV of 45 cm in width.
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APPENDIX
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Figure A.1: Standard deviation values evaluated from high-res data plotted against porosity. Data is
standardized to zero mean and unit standard deviation. a) High-res DFC without correction for specimen
thickness. b) High-res DFC with correction for specimen thickness (nDFC).
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Figure A.2: Standard deviation values evaluated from low-res data plotted against porosity. Data is

standardized to zero mean and unit standard deviation. a) Low-res AC without correction for specimen

thickness. b) Low-res AC with correction for specimen thickness (u). ¢c) Low-res DPC without correction for

specimen thickness. d) Low-res DPC with correction for specimen thickness. e) Low-res DFC without

correction for specimen thickness. f) Low-res DFC with correction for specimen thickness (nDFC).
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5 Publications and Scientific contribution

5.5 Summary

In light of the ongoing importance of a sustainable use of resources in the transportation
sector, fiber-reinforced polymers continue to experience increasing popularity in the
automotive and aerospace industries due to their potential for weight reduction and associated
CO2 savings. The demands on these composite structures are also increasing, with ever more
complex designs and, for example, the integration of embedded electronics for in-service
monitoring. Due to this complexity, as well as the susceptibility of fiber-reinforced polymers
to invisible damages (e.g., those originating from manufacturing errors or impact damage
during operation), monitoring via non-destructive testing throughout the entire life cycle is
required. However, the typically large scale of automotive and aerospace components makes
the detection and characterization of (sub-) micron defects challenging, and new methods of

non-destructive investigation are still sought in industry.

In the recent years, Talbot-Lau grating interferometry (TLGI) has proven to be a promising
technology for medical applications, which typically feature low-density and low-atomic-
number materials. However, practical applications for industrial materials are still scarce,
mostly due to the restrictions in field-of-view and applicable X-ray energy, as well as the lack
of standard protocols. Consequently, the aim of this thesis was to explore the possibilities and
develop new methods for the application of TLGI to industrial lightweight materials, such as

carbon-fiber-reinforced polymers.

Two scientific papers were published focusing on the three-dimensional investigation of
composites via full TLGI X-ray computed tomography (XCT), followed by two additional
papers demonstrating the potential of two-dimensional TLGI radiographic imaging. The first
paper showed how complementary phase contrast (DPC) and dark-field contrast (DFC) data
can be evaluated for increased contrast of resin-rich areas and additional information on fiber
orientation within resin transfer-molded specimens, respectively. Using the extracted DFC data,
the layer sequence of the specimens oriented in four main directions was evaluated, while the
increased contrast within the DPC data allowed for a three-dimensional visualization of resin-
rich areas. By combining both modalities, the resin-rich areas could be differentiated into intra-
layer and inter-layer resin-rich areas, predominantly caused by binder yarn collimation and fiber
waviness, respectively. Additionally, DFC imaging also proved useful for identifying resin-rich

areas since the lack of fibers in those regions results in a significantly reduced scattering signal.
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The next comparative study explored the effects of beam hardening in a metal-polymer
composite on image data recorded with X-ray attenuation and X-ray phase contrast computed
tomography. It showed that the reduced sensitivity of phase contrast imaging to beam hardening
effects can be utilized for the investigation of components including metallic features (e.g.,
those from embedded electronics) to improve metal artifacts. However, attenuation-based XCT
combined with hardware pre-filtering of the X-ray beam and additional post-processing by
metal artifact reduction algorithms has shown reasonable results as well. Nevertheless,
hardware pre-filtering typically leads to worse image noise, which often requires a compromise
between noise and effective artifact reduction. Furthermore, phase contrast imaging showed
superior artifact reduction in close proximity to highly dense metallic inserts, which allows for

a more detailed investigation of metal-polymer interfaces.

In contrast to full XCT scanning of a specimen, the method introduced in the third
publication relies on two-dimensional radiographic imaging to reduce measurement times and
enable investigation of relatively large components. It demonstrated how the directional
sensitivity of the DFC can be utilized for detecting and characterizing out-of-plane fiber
waviness, a manufacturing defect frequently encountered in fiber-reinforced composites that
can severely degrade the mechanical strength of a component. The procedure was found to be
capable of detecting fiber waviness and quantifying the maximum wave angle by recording a
series of projection images in the low two-digit range. Compared to full computed tomography
scans, which typically require hundreds of projection images, a significant reduction in
measurement time was achieved, while wave angles within the test specimens were quantified

with an error of less than + 1.5° in comparison to results from full XCT data.

Finally, within the fourth contribution, a study on the effects of porosity in cyanate ester
carbon-fiber-reinforced polymer on all three modalities captured by TLGI radiographic testing
was presented. Porosity in composites can be caused by various origins and has been shown to
be a major factor influencing component strength, rendering methods for fast and
non-destructive investigation invaluable for the qualification of aerospace components.
Consequently, this work demonstrated how the complementary modalities extracted by TLGI
can provide additional insights compared to standard attenuation contrast radiography alone.
While the mean intensity of the attenuation contrast is heavily affected by specimen thickness
and preliminary measurements are necessary for correction, the results of the study suggested
relatively high robustness against variations in specimen thickness of the standard deviation in

both the attenuation and differential phase contrast. Furthermore, at sufficiently high resolution,
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5 Publications and Scientific contribution

the standard deviation within the phase contrast correlated equally well with specimen porosity,
as did the standard deviation within the attenuation contrast. Although the dark-field contrast
was also affected by changes in specimen thickness, the signal could be corrected by
normalization with the inherently available attenuation contrast. Therefore, a strong positive
correlation with porosity was found both in high- and low-resolution imaging without the need
for preliminary thickness measurements. Consequently, the high sensitivity to microporosities
of size below the actual image resolution, in combination with the low sensitivity to variations
in specimen thickness, renders the normalized DFC a promising option for large field-of-view

investigations.

In conclusion, this thesis covered four studies on the application of TLGI for lightweight
materials, introducing new methods and providing insights for industrial application. These
include full TLGI-XCT for a three-dimensional, in-depth characterization of specimens as well

as fast, two-dimensional radiographic testing enabling the investigation of larger components.
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5.6 Outlook

Although the low requirements in spatial resolution qualify the presented methods for the
investigation of larger components, most experimental investigations were performed only on
token-sized specimens. One of the reasons for this is the limited dimensions of standard-sized
gratings implemented in the TLGI systems that were utilized throughout the studies of this
thesis. For most industrial applications, a larger field-of-view (FOV) is desirable, and although
recent publications have demonstrated how stitching several gratings can increase the FOV to

a width of about 45 cm [91,94], standardized methods do not yet exist.

Nevertheless, the method presented for two-dimensional investigation of out-of-plane fiber
waviness characterizes components under a shallow angle with respect to the direction of X-
ray propagation. Consequently, a region of a component much wider than the actual width of
the FOV can possibly be captured within a single projection image. Preliminary results have
shown that a plate of 3 cm height and 13 cm width can easily be characterized within a FOV of
4 by 4 cm. Another outlook for the investigation of fiber waviness is the application for
components manufactured from sheets of woven fibers and/or isotropically oriented long fibers,

as current experiments were limited to specimens from unidirectional prepreg fibers.

Furthermore, the reduced sensitivity of phase contrast imaging has been shown capable of
reducing beam hardening effects. However, severe phase wrapping artifacts deteriorate the
image quality, which was not accounted for in the present study. Consequently, by applying an
additional phase wrapping correction algorithm, the image quality of the DPC could be further

increased.
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