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Abstract

Carbon fibre reinforced polymers (CFRP) are widely used across
several industries, including aerospace, as they are lightweight and
offer superior mechanical properties. Barely Visible Impact Damage
(BVID), including cracks, delaminations, fibre debonding, as well as
manufacturing defects such as porosity, are detrimental to CFRP
structural integrity and detection of such faults is important. Different
non-destructive evaluation (NDE) methods exist, including ultrasound,
X-ray computed tomography (X-ray CT), infrared, and liquid penetrant
testing. Edge lllumination X-ray Phase Contrast imaging (El XPCi) was
benchmarked as a viable NDE method for damage detection in CFRP,
as it offers additional information through multimodal imaging. With the
acquisition of at least three images, El XPCi allows for the retrieval of
the attenuation, differential phase, and dark field signals, using a pair
of apertured masks. EI XPCi CT was compared with ultrasonic
immersion C-scan imaging and high-resolution X-ray CT for the
detection of severe impact damage in a composite plate (visible indent
damage on surface of plate and protrusion on the back). The full extent
and scale of the different defects were observed in the phase-based
signals to a better standard than ultrasonic immersion imaging, with
observations confirmed using high resolution X-ray CT. Planar EI XPCi
was then compared to contrast agent X-ray imaging and ultrasonic
immersion C-scan imaging on a different, less damaged specimen
(only small crack visible on surface), showing that planar El XPCi can
detect a network of cracks across the specimen and overcame some
of the limitations of contrast agent X-ray imaging. However, in the
planar imaging, delamination damage was only detected by the
ultrasonic measurement, showing the necessity of using both
ultrasonic imaging and El XPCi for a complete understanding of the
damage in the plate. El XPCi was used for the quantification of porosity
for woven composite plates with varying porosity (0.7% to 10.7%),

compared to ultrasonic through transmission imaging and destructive



matrix digestion. The introduction of the standard deviation of the
differential phase (STDP) showed excellent correlation with the
porosity calculated from matrix digestion. The STDP signal quantifies
the variation of the distribution of inhomogeneities for features of a
scale equal to or above the system resolution (in this case, 12um along
the direction of phase sensitivity), which was advantageous for the

investigated set of specimens with larger porosity.



Impact Statement

The research conducted in this project benchmarked the use of the
novel Edge lllumination X-ray Phase Contrast Imaging (EI XPCi)
method as a viable non-destructive evaluation approach for impact
damage and manufacturing defect detection in carbon fibre reinforced
composite (CFRP) plates. This was achieved by comparing both
planar and 3-dimensional computed tomography (CT) EI XPCi to
ultrasonic imaging and conventional X-ray imaging, including with the

use of contrast agents.

El XPCi was compared with ultrasonic immersion C-scan imaging,
conventional high-resolution X-ray CT and contrast agent X-ray
imaging for damage detection in severely damaged carbon fibre
reinforced composite plates (Chapters 4 and 5). This showed the
complementarity offered by phase-based signals to the conventional
attenuation signal, and the possibility of identifying defects based on
the signal in which they manifest. It demonstrated the potential El XPCi
offers for the NDE of composites, allowing better detection and
identification of damage. This project was conducted in collaboration
with Nikon, where preliminary scans of damaged aeroplane CFRP
parts were independently performed on a commercial prototype of the
El XPCi system using the results from this project. This demonstrates
the advantage of planar El XPCi over other XPCi methods, as scans

of large specimens can be performed relatively quickly.

The post-processing image analysis techniques developed in this
project (Chapter 3) allow for the removal of image artefacts from long
acquisitions and the improvement of image quality post-acquisition,
and can be applied to any ElI XPCi acquisition without affecting the

qualitative and quantitative quality of the retrieved images.

The new approach using the standard deviation of the differential

phase signal (STDP), discussed in Chapter 6, allows for better



visualisation of the variation in the distribution of inhomogeneities of
the samples, and thus for the quantification of porosity in composite
plates. Employing only planar imaging, it allows for faster
quantification compared to X-ray CT imaging, but compromises on the
ability to locate the porosity through the thickness of the sample.
Further evaluation of the approach should also be conducted to
investigate its relation to porosity distribution and size. This new
approach has great potential and, once characterised and quantified
in relation to the dark field signal, can lead to a precise quantification
of porosity in composite plates across pore size ranges. It can also
enable the evaluation of the pore size distribution and of other
manufacturing defects such as fibre misalignment, as well as the
evaluation of fibre anisotropy. The use of the standard deviation of the
differential phase offers a fast and accurate representation of porosity
in composite plates using planar imaging, which is not achievable
using other NDE techniques, and can be applied across many
applications, not only in the physical sciences, but also in biomedical

imaging.

The introduction and benchmarking of EI XPCi, along with the
additional methodologies presented in this project, has great potential
for the aerospace industry. Once adapted to and implemented in an
industrial environment, it could allow for the testing of potentially
damaged components, performing a detailed analysis on samples as
they are developed, and providing feedback of the characterisation
results to the material developers, ultimately leading to improved

manufacture of composites.
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1 Introduction

Fibre-reinforced composite materials are used across a wide range of
industries, including aerospace and military, as their high strength and
low weight offer an advantage over other materials. Defects in
composite materials, such as matrix cracking, fibre breakage,
debonding and delamination, are caused by stress, fatigue, or impact
events. These defects affect the structural integrity of the composite
components, potentially leading to complete failure. The detection and
characterisation of such defects are thus of primary importance in
predicting the composite’s health and performance capabilities [1,2]
Another class of defect that can occur in fibre-reinforced composite
plates are manufacturing defects, such as discrete voids and porosity.
High levels of porosity induced during manufacturing (in aerospace,
equivalent to above 2% porosity), reduce the compressive and
interlaminar shear strength of the plates [3].

Non-Destructive Evaluation (NDE) or Testing (NDT) aims at identifying
and characterising damage in structures, both internally and
externally, while conserving its structural integrity. Such evaluation is
conducted using different imaging techniques, such as radiography,
ultrasonic testing, eddy current testing, magnetic testing [4], penetrant
testing, thermography, and infrared testing [1,5]. NDE has many
applications, including manufacturing, military and defence,
aerospace and nuclear industries, as well as for defect
characterisation in materials and composites. Ultrasonic imaging and
conventional radiography are commonly used for defect detection and
evaluation in fibre-reinforced composite plates as they offer high
resolution and are easy to set up [6]. However, ultrasonic imaging
encounters difficulties in identifying multiple defects across the
thickness of the sample, and requires compromises on resolution for
the analysis of thicker plates [7]. Conventional radiography struggles

with the detection of defects using 2D planar imaging. As a result, time-
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consuming X-ray computed tomography (X-ray CT) scans need to be
acquired for better visualisation of damage, which often imposes limits
on the specimen size. Moreover, in carbon fibre-reinforced polymers
(CFRP), contrast limitations are imposed due to similar attenuation
coefficients, leading to more difficulties in resolving features [6].

In the past years, phase-enhanced X-ray imaging has been
investigated for the NDE of materials, most noticeably composite
materials, however mostly at synchrotron facilities [8]. Only a limited
number of studies were done in a laboratory environment and were
focused on anisotropy investigations [9]. The work in this thesis aims
to benchmark Edge-lllumination Phase Contrast X-ray imaging (El
XPCi) as a viable NDE technique for damage detection and porosity
evaluation in laminate composite plates. EI XPCi uses refraction
effects induced in the X-ray beam passing through an object to create
contrast, in addition to the dark field signal, which is due to ultra-small
scattering caused by sub-pixel features [10,11]. This benchmarking
was achieved by qualitatively and quantitatively comparing El XPCi
with established ultrasonic testing techniques, foremostly immersion
C-scan ultrasonic imaging. By doing this, a better interpretation of the
damage detected with ultrasonic C-scan imaging can be obtained,
complemented by multimodal ElI XPCi, as well as a better
understanding of the limitations of each imaging technique.

In this thesis, an overview of carbon-based fibre-reinforced composite
materials is presented in the literature review (chapter 2). Their usage
in the aerospace industry is detailed, along with the typical defects
occurring during manufacturing and in-service. A state-of-the-art
summary of the current NDE techniques used for damage detection in
fibre-reinforced composite plates is presented, focussing on the use of
ultrasonic imaging and conventional and phase-enhanced
radiography. The third chapter presents the different ultrasonic and
radiographic experimental methods used for this research. The fourth
chapter presents a preliminary qualitative comparison between both

23



planar and CT EI XPCi and ultrasonic immersion C-scan imaging for
damage detection and identification in a carbon-based fibre-reinforced
composite plate suffering from severe impact damage. This
comparison evaluates the complementarity offered by the addition of
the differential phase and dark field signal to the conventional
attenuation signal, which results in a better identification of the
damage incurred. This comparison is then further investigated in
chapter five, where conclusions obtained from the multimodal planar
phase contrast X-ray imaging of another sample suffering from impact
damage are compared to images obtained using planar contrast agent
X-ray imaging, which is another NDE technique often used for damage
detection. Conventional radiography and ultrasonic C-scan imaging
were also used for a thorough comparison of all imaging techniques.
The sixth chapter provides a study investigating the use of planar El
XPCi for the quantitative evaluation of porosity in cross-ply woven pre-
impregnated (pre-preg) composite plates. This investigation explores
the use of planar images as opposed to the use of micro-CT; while
offen the preferred method in industry, as mentioned micro-CT limits
sample size and is time consuming. This study tracks the evaluation
of the dark field signal as well as the standard deviation of the
differential phase signal and correlates it to an ultrasonic signal
attenuation and known porosity values calculated using the destructive
matrix digestion provided by the manufacturer. An additional ultrasonic
comparison was done, investigating the variation of signal attenuation

with porosity for different frequencies.
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2 Carbon Fibre-Reinforced Composites, NDE
Techniques, and X-Ray Phase Contrast

Imaging

2.1 Introduction

This chapter presents a literature review of the different areas relevant
to this investigation. In the first part of this chapter, the components,
manufacturing, and usage of composites is described. Then, the
different types of defects found in composites are described, ranging
from manufacturing to in-service defects. In the second part of this
chapter, Non-destructive Evaluation (NDE) techniques are introduced,
listing the different imaging techniques used for the detection of
damage in composites. Ultrasonic imaging is then introduced, with an
explanation of its basic principle and a state-of-the-art review of the
use of ultrasonic imaging for damage detection in composites. The
same was then done for conventional X-ray imaging, where both the
working principle and its use in industry are described. In the last part
of this chapter, X-ray phase contrast imaging (XPCi) is introduced,
more specifically Edge Illumination (El) XPCi. The working principles
of XPCi and El XPCi are described, along with the state-of-the-art
review of the use of XPCi for damage detection in composites. Lastly,
as this investigation aims at comparing El XPCi with ultrasonic imaging
and conventional X-ray imaging, a review of the research where XPCi
is compared with the latter two techniques is laid out, setting out the
base of this investigation.

2.2 Carbon Fibre-reinforced Composites

Fibre-reinforced composites, or laminates, are complex materials
composed of layers, referred to as laminae or ply, of fibre materials
which are embedded in a matrix, in a given orientation [1,2]. They are
widely used in the aerospace, marine, and recreational industries as

they present an advantage over other materials due to their high
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strength, durability, toughness, and fatigue endurance. They are also
highly resistive against temperature variations, corrosion, and
chemical attacks. Composite materials are extremely lightweight,
which presents an advantage for the aerospace industry where
material weight is an important issue [12].

2.2.1 Composites Materials, Manufacturing, and Industrial Use
A composite can be defined as a material consisting of two or more
distinct components [12]. These components usually are continuous
fibres arranged in a specific orientation within a matrix. The aim of such
arrangement is to take advantage of the mechanical properties of both
materials and combine them. The aim of the fibres in composites is to
carry loads, whereas the matrix evenly distributes the load between
the different sheets (plies or laminae) of fibres with the same
orientation [12]. The matrix and fibre materials chosen to make a
composite play a very important role; the fibre properties control the
impact resistance of the composite material, and thus the load bearing
capacity, with the fibres’ elastic energy storage capabilities of
fundamental importance [13]. The matrix plays a protective role, and
thus aims to stabilise the fibres by ensuring a homogeneous
distribution of stress among them [12,13]. Popular examples of matrix
materials include epoxy resin, preferred for its versatility, as it can be
cross-linked with other materials, including polymers, amines, and
acids. It is, however, known to be quite brittle [12,14,15]. Other matrix
materials include unsaturated polyesters and vinyl esters [16].

Depending on the desired material characteristics, fibres can account
for 30-70% of the composite volume [12,14]. The most common fibre
material used in the aerospace industry is carbon, as it offers high
tensile strength and thermal conductivity, low material density and
stiffness [13]. Glass, aramid, ceramics, and metallic fibres are also
used as fibre materials in composites [12,14,15,17]. Typically, the
diameter of carbon fibres can vary between 7 and 15 ym [14,18]. The
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fibres can be chopped or continuous, with the latter allowing for several
types of orientations (e.g. unidirectional, woven, or braided) [14].

Lamina, or ply, thickness usually varies from 100 to 500um [19]. The
most common fibre orientation used within a single lamina is
unidirectional, i.e., where the fibres are parallel. Other fibre
orientations, such as woven or braided, can also be used [13]. The
individual plies are then stacked together with a certain orientation to
form a laminate, with the typical orientations being unidirectional,
cross-ply (the fibres of each ply are perpendicular to the fibres in their
neighbouring plies), and quasi-isotropic (e.g. plies stacked with 45
degrees difference). Fibre reinforced composite plates are anisotropic
in nature, and continuous fibre plies are transversely anisotropic by
default [12]. To make a composite plate isotropic, discontinuous fibres
must be used in random orientations [14]. The number of plies, their
specific orientation with respect to each other as well as their order
play a role in the impact resistance and degree of anisotropy of the
composite plate [20].

Unidirectional fibre reinforced composite plates are characterised by a
high specific strength and stiffness along the fibre orientation, however
they are highly susceptible to impact damage due to their
heterogeneity [20,21]. Cross-ply composite plates were found to offer
the best impact resistance and can absorb more energy than other ply
orientations. The nature and severity of damage thus depends on the
relative orientation of adjacent plies [12,13,17,22].

Different types of manufacturing processes for composite plates exist,
depending on their composition and geometry [23]. They are divided
into two main manufacturing methods for the aerospace industry:
autoclave processes and out-of-autoclave processes [24]. The first
refers to pre-impregnated (pre-pregs) which are fused together, and
out-of-autoclave processes refers to the fibres first being laid in a
mould, and the liquid resin being injected subsequently to saturate and
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cover the fibres [25]. Pre-pregs composite plates are a type of laminate
used in industry. They consist of thin plies, which are manufactured by
laying the fibres onto the already present resin. The impregnated fibres
are then pressed together between sheets to ensure the wetting of the
fibres by the resin. This process is done to produce unidirectional and
cross-ply composites as it results in good alignment of the fibres [26].

Composite materials are used across many industries, including
aerospace, automotive, racing, sports, and leisure, with the greatest
demand being the aerospace and automotive industries [27,28]. The
use of composite materials has also increased in the infrastructure
industry, mainly for pipe, tank, and plant engineering [29], and in the
construction industry for reinforcements to concrete pillars and bridge
decks [30,31]. Composite materials offer great advantages, not only
due to their lightweight properties, but also thanks to their excellent
corrosion resistance, and their high level of freedom of design, giving
them great potential to replace established materials in many
applications. In the aerospace industry, the global demand for
composites is increasing as they allow to reduce aircraft weight,
improve manufacturing times, and save costs [32,33]. Reducing the
weight of an aircraft makes it more fuel efficient leading to a reduced
carbon footprint. This demand leads to an increase in the number of
large, geometrically complex, flight critical composite structures in the
latest generation of commercial aircrafts and engines [34]. CFRP can
be found in wing planks, sandwich panels, and fuselages of the
airplane, and are used also to strengthen and repair existing structures
[35]. They can also be found in helicopter rotor structures [36]. In the
marine industry, composite materials were originally used for the
construction of boats as early as post-World War Il, replacing the use
of timber which was easily degraded by seawater. Composite
structures can now be found in submarines, and personal and

commercial boats [37].
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2.2.2 Defects in Composite plates

Composites cannot absorb energy through plastic deformation, and,
as a result, when high external loads are applied on a composite,
damage occurs [15,38]. Such loads can lead to fatigue or impact loads,
and the formation and propagation of damage can be accelerated by
structural discontinuities [22]. This leads to the structural integrity of
the composite to be compromised [39]. Damage can be defined as a
collection of irreversible changes made to the material due to different
external factors, such as manufacture or impact damage. The severity
of the induced damage relates to how the damage is formed, as well
as its growth under external loads [22]. Relevant examples of damage
in composite plates include cracks (intra- and interlaminar), fibre
breakage, debonding and delaminations [13,39,40]. Recent studies
showed that the probability for damage in composite plates increases
with the complexity of the structure [41]. The American Society for
Testing and Materials (ASTM) defines a flaw as “an imperfection that
may be detected by NDE method and is not rejectable”, a defect as
‘one or more flaws who aggregate size, shape, orientation, location,
or properties do not meet specified acceptance criteria and are
therefore rejectable”, and damage as the “change to the material or
geometric properties of a structural system that affects its
performance” [42], however in literature the three tend to be used
interchangeably.

2.2.3 Manufacturing Defects

Manufacturing defects are induced during the processing of composite
plates, and are grouped into matrix defects (e.g. incomplete curing,
voids), fibre defects (fibre misalignment, waviness, broken fibres) and
interface defects (fibre debonding) [39]. The most common type of
manufacturing defect is porosity, or voids, and is a known problem in
the manufacturing process of CFRP. Porosity is defined as a
significant number of micro-voids in the sub-millimetre scale that can

have an overall effect on the mechanical properties of the
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components, whereas voids are defined as of millimetre size and large
enough to have an individual structural impact [43]. Voids vary in size,
shape and location, arising from faults or improper parameter settings
in the curing process [44]. Their formation can be controlled by varying
the pressure, temperature, or the resin’s viscosity; however, this

results in an increase in manufacturing costs and time.

Large voids can be the result of an incorrect resin infusion process or
heated gas without an exit from the central area of the composite. They
can also be due to an uneven temperature profile, as an even
temperature profile is very difficult to obtain [35,41]. High levels of
porosity are a serious problem [45,46], and most techniques
concentrate on the detection and quantification of porosities in the 1%-
5% range, with porosity levels above 2% typically considered not
acceptable by the aerospace industry [43,47]. Void formation is a
complex subject that is widely investigated and is highly dependent on
the manufacturing process used. In out-of-autoclave processes, voids
are believe to originate from air entrapment during the resin injection,
with the porosity size and location depending on the mould geometry
and complexity, the resin properties, temperature, and pressure[48].
In autoclave cure processes, voids originate in resin-rich area during
the formulation of the pre-preg materials, and potential tears in the
vacuum bag during the cure cycle, with their size and distribution in
the laminate depending on the temperature, pressure of the cure, the
stacking sequence, and the moisture absorbed during storage [48].

Porosity in CFRP mainly affects the matrix dominated mechanical
properties, such as compressive and flexural strengths and
interlaminar shear strength. Understanding the effect of porosity on
those properties is complex, as numerous variables play a role,
including the void shape, size, and distribution, but also the
mechanical properties of the fibres and matrix, and the applied loads
[49,50]. Studies have investigated void formation, including shape,

size, and location, depending on porosity content and distribution in
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composite samples, for different layups, processing parameters and
manufacturing techniques [51,52].

Fibre manufacturing defects such as waviness or fibre misalignment
can lead to a decrease in the primary compression strength and
stiffness of the composite plate. The occurrence of manufacturing
defects largely depends on the conditions and the processes involved

to manufacture the composites [39] .

2.2.4 In-Service Defects

CFRP are prone to Barely Visible Impact Damage (BVID), due to the
brittle nature of the carbon fibres [53]. BVID is a type of damage that
can be induced in a composite plate in-service, and can be defined in
different ways; Scarponi et al. [54] define BVID as “damage induced
by an impact which causes indentation of 0.3-0.4mm.”; others define
it as a damage induced in a composite with no visual evidence of the
impact event [55]. BVID is a result of low velocity impacts, which are
defined as events where the damage is induced by a body whose
velocity typically varies between 1 to 10 m/s, depending on the target
and impactor properties. Low velocity impacts are characterised by the
long contact duration between the target and the impactor, resulting in
the entire structure responding to the impact [15]. BVID from low
velocity impacts are predominantly intra-ply matrix cracks and
delaminations [22].

Matrix cracks are induced by low velocity impacts, which can also
manifest as debonding between matrix and fibres in a ply when the
interface between the two is weak [15,22,39]. They are the initial type
of BVID to occur, and are the most common type of damage caused
by transverse impact, tensile, compressive and shear stresses which
disperses across the impact area [55]. Intra-ply matrix cracks extend
across the ply parallel to the fibres orientation [22]. The smaller matrix
cracks, called micro-cracks (up to 50pm long), tend to appear as the
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weight load on the material increases. Macro-cracks tend to be a few
100s of ym to a few mm long, and about 50-150um wide. As the cracks
grow, they eventually start to interact with each other. Secondary
micro-cracks grow from the main matrix cracks, which can initiate
delaminations [39]. Macro-cracks are always connected to a
delamination, either directly or through secondary micro-cracks. Macro
inter-ply cracks propagate at an angle, as seen in Fig. 2-1, and not
perpendicular to the laminates, until they reach the adjacent plies
interface, leading to the formation of a delamination at that interface
[22,56].

<— matrix crack

“—‘l ‘> fibre fracture . =

delamination

\

Figure 2-1 Different types of impact induced damage in a [0°,90°] cross-ply

composite[40].

Delaminations, also referred to as interlaminar cracks, are a type of
impact damage which results in the separation of two adjacent plies in
a laminate, leaving a small pocket of air between the two plies. They
are considered the most severe type of BVID as they significantly
reduce the load carrying capacity of the structure [15]. Delaminations
are caused by interlaminar stresses and usually have a surface area
of about 100-1000 mm? depending on the applied load, and 20-50 um
thick, with morphologies of peanut or butterfly shapes. This type of
damage is usually found in the resin rich area between adjacent plies,
and is the most common type of in-service damage [12,15,22,39,55].

32



This type of defect can also be induced by intralaminar ply cracks at
the edge of a given ply. Delaminations are usually initiated by matrix
cracks, and occur after a certain energy threshold has been reached
[15,22,55].

Fibre failure usually results in fibre breakage, and is due to local high
stresses [15]. Fibre failure is usually observed closed to the impact
point due to high compressive stresses, as well as in proximity to
macro-cracks [55]. The different types of impact damages, as well as
their locations within the structures, are characterised by their
occurrence in composite materials with specific ply orientations,
specific fibre/matrix ratios, as well as the mechanical properties of the
constituents [12,14]. The dimensions of each type of damage, as well
as their evolution, are characteristics which depend on the magnitude
and location of the applied load, as well as the mechanisms involved
in causing the damage [39]. Many studies try to model and thus predict
the formation and propagation of damage formation in composite
plates [20,57-59], however a general model is yet to be achieved.

The occurrence of all the defects mentioned above affects the
structural integrity of the composite components and can potentially
lead to their complete failure. As a result, the detection and
identification of those defects are important for predicting the
composite structure health and performance capabilities. In the
aerospace industry, CFRP are limited to 0.4% compressive strain to
failure, and as a result the cost of maintenance and inspection of the
parts is high [60].

2.3 Destructive and Non-Destructive Evaluation

Non-Destructive Evaluation (NDE) or Testing (NDT) refers to the
identification and characterisation of damage inside and on the surface
of materials using non-destructive methods [61]. NDE techniques are

used for damage evaluation in composite materials for many fields,

33



including manufacturing, aerospace, military and defence, and the
nuclear industry [1,62], as stated above. Unlike metallic materials,
composites are highly anisotropic, have high acoustic attenuation and
poor electrical conductivity. Moreover, they are not exempt from
unwanted manufacturing defects, nor do they have easily identifiable
defects from in-service failures on their surfaces. As a result, the use
of non-destructive evaluation techniques for the identifications of such

defects is of great importance [7].

Many NDE techniques exist, categorised by contact and non-contact
methods. Examples of contact methods include traditional ultrasonic
testing [63], eddy current testing [64], magnetic testing [65,66] and
liquid penetrant testing [67]. Non-contact methods include through
transmission ultrasonic testing [54,68,69], radiography [70,71],
infrared testing [5,72], holography [73] and shearography [74].
Composites vary in composition and structure, and based on the
nature of the composite and its application, as well as the aim of the
evaluation, certain NDE techniques are more advantageous than
others [1,41,62,75]. For the aerospace industry, which is the main
focus of this work, the main NDE techniques for aircraft composite
structures are ultrasonic testing, X-Ray CT, thermographic testing
[72,76], with ultrasonic testing being the most widely used technique

for damage identification in aircraft composite components [1,7,77].

Destructive analysis is often used to accurately evaluate porosity in
composite plates. The main technique is matrix digestion, measuring
the mass of the specimen before and after the extraction of the resin
through an acid, and relating these measurements to the known resin
and fiber contents of the sample [78]. Other destructive techniques
include micrograph image processing [79], density evaluation, and
optical microscopy [80], which can be used to verify the accuracy of

new non-destructive methods.
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2.4 Ultrasonic Imaging

Ultrasonic testing enables the detection and localisation of defects, as
well as their characterisation and measurement of their dimensions by
analysing the information carried by the received signal. Ultrasonic
testing presents several advantages, including scan speed, relatively
high resolution, and the ability to detect internal defects and
inhomogeneities in materials, as long as they are larger than half the
used wavelength [6]. However, the achievement of high accuracy in
immersion ultrasonic imaging requires laborious set ups and longer
acquisition times [1,6]. Moreover, ultrasonic imaging is ideal for the
detection of features that lie normal to the incident beam, such as
delaminations, but is less sensitive for features such as matrix cracks

and fibre fractures due to their narrow cross-section [38].

The quality of the ultrasonic testing depends both on its sensitivity (the
ability to detect a feature) and its resolution (its ability to separate two
distinct features that are close to each other). Both qualities increase
with frequency, however, the higher the frequency, the higher the
scattering of the signal in the material that leads to its attenuation,
hence reducing the penetration power of the signal. As a result, a
compromise must be found when choosing a frequency for the
analysis of a composite based on its material structure and the size
and type of defects involved [6].

2.4.1 Basic Principles

Ultrasonic imaging measures the reflection, transmission, or
backscattering of an emitted ultrasound pulse depending on the
configuration used, e.g. through transmission, pulse-echo testing, or
resonance testing [35]. In this investigation, immersion through-
transmission and pulse-echo testing were used and are explained in
detail in Chapter 3.3.
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There are two types of ultrasonic testing technique: the pulse-echo
technique, where the transducer sends out a pulse and the same
transducer receives the energy reflected at each interface, including
cracks, delamination, and any imperfections within the sample [81],
and through transmission techniques, where a transducer emits a
signal which propagates through a sample, and a second transducer
on the other side of the sample receives the transmitted signal [1,82].
The pulse-echo technique is more suitable for large defect detection
and localisation; however, it has a limited detection capability for
consecutive defects through the specimen depth. The through
transmission technique, where the two probes are kept at a fixed
distance from the object, is more suitable for irregular and thicker
samples, as the transmitted signal is measured [83]. Both testing
modes can be achieved through contact ultrasonic testing, or
alternatively, through immersion ultrasonics [1,7]. Different scan
modes (A-scan, B-scan, C-scan) were used in this investigation and
are discussed in more depth in Chapter 3.

2.4.2 Ultrasonic NDT for Fibre Reinforced Composite Plates

Immersion C-scan ultrasonics are most often used to detect defects
and delaminations in the plane normal to the emitted ultrasonic waves.
Cracks oriented parallel to the emitted waves are unlikely to be
observed [7], and the use of oblique incidence signal is needed. For
low frequencies, ranging between 1 and 10 MHz, defects can be
observed but only roughly located within the laminate. At higher
frequencies, ranging up to 20 MHz, the wavelength becomes smaller
than the average thickness of a single lamina (70-80 um), thus
individual lamina can be differentiated, and delaminations can be
localised more precisely. Moreover, by increasing the frequency, the
defect definition becomes higher, however the signal attenuation also

increases [7].
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In immersion C-scan ultrasound testing, damage is often assessed as
a function of attenuation, as the pocket of air in a delamination results
in strong reflection of the signal at the interface, which can also be
used to locate the delamination through the thickness of the sample
[84]; cracks lead to reflection and scattering of the incident wave [7].
Ultrasonic immersion C-scan imaging was used to find a relation
between the degree of bending-fatigue damage and both ultrasonic
attenuation coefficient and velocity in carbon epoxy pre-preg cross-ply
composite plates [85]. A relation was found between the damage and
ultrasonic properties, where the ultrasonic velocity was observed to be
decreasing with increased damage, whereas the attenuation
coefficient was observed to be increased. The porosity in different
composite plates was detected though immersion double-through
transmission, and the effect on the received signal was quantified by
measuring variations in phase velocity and signal attenuation
[50,68,86]. In [87-89], through-transmission ultrasonic signal
attenuation was used for the quantification of porosity instead. In all
cited studies, a correlation between ultrasonic attenuation and porosity
was observed. In [86], this correlation was observed using the
ultrasonic  double-through transmission technique on both
unidirectional and cross-ply composite plates. In [50], it was found that
the attenuation as a function of the porosity was higher for
unidirectional plates, as the porosity shape in those plates is flatter and
longer than the spherical voids in plates with multidirectional fibre
orientation, thus blocking the ultrasonic signal more efficiently.

C-scan ultrasonic imaging was used to develop an automated NDE
system for the detection of manufacturing defects in composites [69].
The analysis allowed for the measurement of void volume fraction and
fibore volume fraction, as well as the ply stacking sequence, fibre
waviness and out-of-plane fibre wrinkling. Ultrasonic signal attenuation
was used to define a maximum acceptable void content, as opposed
to a maximum percentage of voids in the material, using different

levels of voids and testing the cross-ply laminates under static and
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fatigue load [52]. This tool can be used to predict the decrease in static
strength and fatigue life due to the presence of voids. Immersion C-
scan imaging was used for the detection of matrix damage in cross-
ply composite plates, showing combined normal and oblique incidence
scanning, as well as the presence and extent of both matrix cracks
and delamination [38]. To address the ultrasonic limitation of detecting
damage parallel to the incident beam, oblique incidence was used,
allowing for a better detection and localisation of matrix cracks. In [68],
the relation of wave velocity and attenuation versus frequency was
investigated. It was found that the velocity dispersion increased as the
frequency decreased. It was also found that the velocity decreases
with increased void content. In [90], the relation between porosity
content and amplitude using different types of transducers was
investigated for unidirectional and quasi-isotropic curved-corner CFRP
using the pulse-echo mode. It included non-focussed, point-focussed
and line-focussed transducers. It was shown that focused transducers
provide a clearer representation of both laminates, and that the
influence from the porosity is visible in both focussed and unfocused
transducers, although the porosity content can be better evaluated
using the focussed transducers. In [54], through transmission
ultrasonics was used to detect and localise damage in quasi-isotropic
carbon epoxy pre-preg composite plates. The damage was detected
using the variations in signal amplitude across the sample, as damage
causes a reduction in signal amplitude. The localisation of the damage
within the sample in terms of relative depth was achieved by
measuring the ultrasonic echo delay. [91] characterised the reflections
and fluctuations in the received signal obtained from different features
in a composite laminate, such as the front and back surface, the inter-
ply resin layers, delaminations and wrinkling, as functions of the
amplitude, phase, and frequency of the signal. Delaminations manifest
with a peak which is higher than the back surface signal, but with the

same phase and frequency as the back surface.
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Ultrasonic imaging is an established NDE technique that is often used
for damage assessment in composite materials, including voids,
irregular fibre volume fraction, ply stacking sequence, fibre waviness,
and out-of-plane fibre wrinkling [69,91]. Thanks to its accuracy in the
detection and localisation of defects and being the main NDE method
in the aerospace industry, it was chosen as a reference for the new X-
ray imaging technique. Ultrasonic imaging, however, does present a
few disadvantages, the main one being its limited resolution. As
mentioned, this is due to signal attenuation increasing with increasing
frequency, which means a trade-off between resolution and inspection
depth is often required. Small features such as micro-defects or
individual fibres cannot be resolved in composite plates using
ultrasonic imaging. Another disadvantage of ultrasonic C-scan
imaging is its limitation for the detection of multiple defects across the
thickness of the sample, as a large fraction of the signal reflects or

scatters at the first defect [7].

2.5 Conventional X-Ray Imaging

Radiography was one of the earliest non-destructive evaluation
techniques used in material science. It was first applied on metals and
alloys to study their structural integrity and look for manufacturing
defects, such as voids. Later on, this technique was expanded to the

study of impact damage in composite materials [77].

2.5.1 Basic Principles

The physical principles used for contrast formation in conventional X-
ray imaging has been the same since the discovery of X-rays by
Rontgen in 1895, despite the considerable progress achieved in the
technology since the first radiograph. This contrast mechanism relies
on the difference in the attenuation coefficients of the different
materials being imaged. The attenuation contrast C is defined as:
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I -1, (2-1)

Where [, is the intensity transmitted through a detail and I, is the
intensity transmitted through the material surrounding that detail, as
shown in Fig. 2-2.
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Figure 2-2 Contrast mechanism in conventional X-ray imaging.

The intensity transmitted through a material I, follows the Beer-

Lambert’s Law:

I, = ]Oe—ll1*t1 (2-2)

Where [, is the incident X-ray intensity, t, is the thickness of the
material through which the X-rays are propagating and p, is the
attenuation coefficient of that material [10,92]. This principle was used
across many applications, including as an NDE technique for damage
detection in composite plates, both with planar and 3D CT imaging. X-
ray imaging, and in particular X-ray CT imaging, is one of the most
widely used NDE techniques for damage detection in CFRP plates and
is often used as a confirmation tool for other NDE techniques, as it
offers high resolution, and allows to detect damage to a better extent
than other NDE techniques.
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2.5.2 X-ray Imaging for damage detection in fibre reinforced
composite plates

Planar radiography is most useful for the detection of cracks and fibre
failure if the resolution is high enough [1,6]. X-ray CT results in the
production of a 3D cross-section image of the sample, which can
detect defects such as delaminations, porosity, or cracks that are
much harder to visualise in 2D images, and allows the visualisation of
the whole structure. The extent of the detectable damage is limited by
the resolution of the system. CT systems have some disadvantages,
such as considerably long acquisition time and limitations in sample
size [1,6].

For conventional radiography, X-ray CT is the most common imaging
technique for composite damage characterisation [8,41,70]. Features
detected using X-ray CT include inhomogeneities, cracks, and voids
[8,93,94]. It is also widely used for porosity detection and
quantification, as it offers the most precise visualisation of porosity
distribution, morphology and size [95-97]. It provides more information
than planar images and, if the resolution is sufficiently high, it allows
the damage types to be determined, including e.g. delaminations
which are not always visible in 2D X-ray images [1,6].

Another type of radiography used for damage detection in composite
materials is penetrant enhanced radiography [98,99], which uses a
liquid penetrant that is highly x-ray absorbing, and enhances the
presence of micro cracks and fibre failures in the vicinity of the impact
point of the composite [1]. Examples of X-ray opaque dye penetrant
include zinc iodide (Znl2), which is used to enhance the contrast in the
damaged areas of the sample [94]. The use of contrast agents for X-
ray imaging was shown to enhance damage features, improving the
detection of matrix cracks and delaminations [94,100-102]. The
addition of contrast agents improved the detectability of small matrix
cracks, as well as the characterisation of crack and microcracks
networks within the sample [94,103]. However, the use of contrast
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agents in X-ray imaging comes with a key disadvantage, which is the
need for the dye to penetrate a defect to enable its detection, and the
consequent impossibility to e.g. reach parts of the damage which are

not directly connected to the main impact point.

There are many studies investigating different aspects of damage
detection in composites using X-ray CT imaging, both manufacturing
and in-service defects, and many new techniques and approaches are
developed to improve the efficacy and capabilities of the imaging
technique to allow for an even better understanding of the damage
formation and propagation.

2.6 X-Ray Phase Contrast Imaging

For defects in composite materials too thin or too faint to cause
sufficient variation in the detected intensity and invisible using
conventional radiography, X-ray Phase Contrast imaging (XPCi) offers

an advantageous alternative.

2.6.1 Basic Principles

Contrast creation in conventional X-ray imaging relies on the
difference in the attenuation coefficients and the thicknesses of the
different observable features. However, if the attenuation coefficients
of two objects are very similar, or the thickness of a feature within an
object is too thin to noticeably vary the transmitted intensity, then the
contrast between these objects will become negligible [10].

X-ray phase contrast imaging (XPCi) is different from conventional X-
ray imaging as its physical properties rely on the real part of the
refractive index, n, as opposed to the imaginary part used by

conventional X-rays:

n=1-6+ip (2-3)
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where [ is responsible for the attenuation properties of a material, and
6 is responsible for the phase shift, ¢, the X-ray suffer when going
through said material. § is a function of the material’s electron density,
pe, and depends on the X-ray wavelength, A.

’repe)L2 (2'4)

0= 2T

where 1, is the classical electron radius. For most materials and across
most energies, 6 is much larger than g, so its effect on the refractive
index, n, dominates over 8, and thus can lead to a greater contrast
than attenuation-based imaging. Changes in phase have always been
present in X-ray imaging but were not observed due to the inadequacy
of the used experimental setups. New experimental setups were thus
created to allow for changes in phase to be converted into changes in
detected intensity, which is what detectors are sensitive to. These
changes are measured either by detecting interference patterns, or,
alternatively, by exploiting X-ray refraction [10].

Figure 2-3 X-ray interaction with a material, inducing a change in the wave front and
a distortion which translates into a local change in the direction of propagation of the
X-rays.

When one considers an incident X-ray as a wave front, a detail in an
object will cause a change in the wave front, resulting in either a locally
advanced or delayed wave front (depending on the value of §) with
respect to its surroundings, as seen in Fig. 2-3. In order to detect the
interference effects caused by this distortion, the wave is either
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allowed to propagate through a large enough distance to allow for an
interference pattern to form between the perturbed and unperturbed
parts of the wave front, or the perturbed wave front is recombined with

its unperturbed version in an interferometer [10].

Another way to detect phase changes is by looking for changes in the
X-ray propagation direction, as a change in the wave front will cause
a small local change in the X-ray propagation direction, due to the
latter always being locally orthogonal to the wave front. This is X-ray
refraction, which is dependent on the variation (namely on the first
derivative) of the phase shift.

2T

dey) = = (&5

6(x,y,2z)dz

object

A 2-6
AGy = va,yq') (2-6)

where z is the direction of propagation of the X-rays, and Aéy is the
refraction angle. Approaches exploiting refraction to detect phase
effects are referred to as the differential phase methods. The detection
of x-rays refracted in opposite directions at either side of an object
typically leads to dark and bright fringes in the image [10]; their
dependence of the first derivative of the phase change means their
integration yields the phase shift [104].

2.6.2 Different XPCIl Methods

Several methods were developed for XPCi, the first being the Bonse-
Hart interferometer, which was originally presented in 1965 [10,105].
Other techniques include the analyser-based imaging technique [106],
the free-space propagation technique [8,9], and the Talbot-Lau (or
“grating”) interferometry technique [107—109]. A detailed description of
these techniques lies beyond the scope of this thesis work and can be
found in [10,105]. These techniques impose several limitations,
including high sensitivity to vibrations, long exposure times and thus
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high dose delivery, and often limited fields of view. Some also impose
the use of a monochromatic x-ray beam. Edge lllumination XPCi aims
to solve most of these limitations [110].

2.6.3 Edge lllumination XPCI

Edge lllumination (El) XPCi is a differential phase technique which
relies on the X-ray beam only illuminating the edge of the pixel’s active
surface, in order to only partially detect the primary photons [110]. If
one assumes a vertically thinned beam and a detector composed of a
single row of pixels, with only a fraction of each pixel exposed to the
incoming primary photons, images can be obtained by vertically
scanning an object, as is shown in Figure 2-4.
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Figure 2-4 Contrast mechanism in aperture-based phase contrast X-ray imaging.

Any gradient in the refractive index, n, caused by the introduction of
the sample in the beam will result in the deflection of the beam, and
thus lead to a change in the detected intensity. If the beam is deflected
upwards, a larger fraction of the beam will be deviated outside of the
sensitive part of the detector, and thus the detected intensity will
decrease, resulting in a negative (dark) fringe. Alternatively, if the
beam is deflected downwards, the opposite effect will take place, and
photons which do not normally hit the sensitive part of the pixel are
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deviated inside, resulting in an increase of the detected intensity, i.e.
a positive (bright) fringe [10,110].

In order to implement this technique in a laboratory and use a 2-
dimensional detector instead of a single row of pixels combined with
sample scanning, two apertured mask systems were introduced
[110,111], as shown in Fig. 2-5. The detector mask is identical to the
sample mask, apart from the scaling factor which accounts for beam
divergence. A first mask, referred to as the sample mask, was placed
upstream of the imaged sample, splitting the beam into an array of
individual beamlets. The beamlets were kept separated by a distance
of about half a pixel (usually a few tens of ym), to prevent them from
overlapping at the detector which would reduce the detected refraction
signal. The second mask, referred to as the detector mask, was placed
in contact with the detector, thus making the regions separating
adjacent pixels insensitive to incoming X-rays, and replicating the
scenario above where only a fraction of each beamlet is detected by
the pixel. The characteristics of the El XPCi measurement (source,
masks and detector) had been optimised before the start of the project
as it's optimisation is a function of the system’s characteristics as
opposed to the sample used [112]. The system was only sensitive to
the phase effects in one direction (i.e., upwards/downwards or
left/right) [10,110].

Using the acquisition of at least three images with different sample
mask positions relative to the detector mask, this method allows for
the quantitative retrieval of attenuation, differential phase (refraction)
and dark field (scattering) images [113,114], the latter being a
representation of ultra-small angle scattering generated by sample
features on the sub-pixel scale [11]. A full description of the phase
retrieval process is provided in Chapter 3.4.2.
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Figure 2-5 Schematic of the concept of EI XPCi implemented with a conventional X-

ray source.

The El method is robust against X-ray energy increase, and is able to
achieve an angular resolution down to a few hundreds of nanoradians
in standard laboratory environments [115,116]. In a synchrotron
environment, a much higher angular resolution can be achieved, down
to a few nanoradians, for both high and low energies [117]. It is also
robust against environmental vibrations, thus allowing it to be used in
a laboratory environment [10,11]. Other advantages of this method
include the possibility of using divergent and polychromatic beams
[118], as well as its relative insensitivity to increasing focal spot and
pixel size, which is not the case with most other XPCi methods [119].
El XPCi offers advantages for industrial applications, as it is easy to
implement for large fields of view: a pre-commercial system with a field
of view of 200*500 mm? has been developed and is used at the Nikon

facilities in Tring [120].

2.6.4 XPCi for damage detection in CFRP
Most of the research that investigates composite materials using XPCi

involves free space propagation or grating interferometry phase
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contrast imaging techniques, performed using both synchrotron
radiation and in a laboratory environment. Free space propagation
involves placing the detector far from the sample in order to allow for
an interference pattern to form between perturbed and unperturbed
wave fronts when a sample is placed in the beam [10], and can be
used to study composite materials and their defects. In [8], third
generation synchrotron radiation was used to image cracked silicon
carbide (SiC) macro-fibres in a composite plate. This was
benchmarked against conventional X-ray imaging. It was shown that
phase contrast imaging was more sensitive to the variations in
inhomogeneity and detected voids in the composite plate much better
than attenuation-based X-ray imaging. In [121], grating-based XPCi
was used for the detection of delamination in an L-shaped CFRP using
planar imaging, which were not necessarily detected using
conventional X-ray CT.

XPCi is highly sensitive to porosity, boundaries between materials and
defects in composite materials. XPCi is also more sensitive to low
density materials in comparison with conventional X-rays. Phase
enhanced X-rays were used to observe individual carbon fibres in a
CFRP, as well as for the analysis of fibre orientation in glass fibre
reinforced composite plates [122]. Free-space propagation XPCi was
performed on short carbon fibre-reinforced polymeric composite
materials, allowing for the reconstruction of the different parts of the
composite and for a full anisotropy analysis of the short fibre
orientations [9]. Due to the carbon-based nature of both the fibres and
the polymer matrix, conventional X-rays resulted in low contrast which
prevented the separation of fibres and defects from their surroundings.
The same was done in [108] for woven CFRP using grating
interferometry.

In [123], free space propagation XPCi was used to separate the
different phases within a composite plate, i.e., the matrix and the
carbon fibres from the porosity present in the sample, which was
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unachievable with conventional X-ray imaging. XPCi was previously
used for the detection of porosity in aluminium welds using dark field
CT [107] based on Talbot-Lau interferometry. The latter technique was
used to perform CT scans on carbon and glass fiber reinforced
composite plates, investigating all three (attenuation, differential phase
and dark-field) signals [124]. The differential phase signal showed an
increased contrast between matrix regions with higher and lower
porosity, helping to visualize the pores better, but not to quantify them.
A similar investigation was conducted for the detection of porosity in
concrete [125]. Overall, these studies show that the complementarity
of the phase-based signals allows for a better detection of
inhomogeneities such as pores than can be obtained with
conventional radiography. However, the option to detect and quantify
porosity with planar (2D) XPCi was never explored. This would have
advantages as 2D imaging is much faster than CT, removes limitations

on sample size [120], and is compatible with online inspection.

The need for improved scanning is of real importance, and the
advancement of XPCi is allowing for the development of a compact
scanner-type XPCi system, using Talbot-Lau interferometry, for
examination of objects on conveyor systems [126]. The system was
used for the examination of a CFRP specimen, which allowed to map
the degree of anisotropy of the fibres in the plate by scanning it three
times with different sample orientations. Grating interferometry X-ray
CT was also used for the inspection of bonded repairs of CFRP in civil
aircrafts, with the multimodal imaging allowing for the detection of the
repair bond’s constituents, as well as the fibre bundles alignments
[127].

2.7 Comparison of NDE Techniques
Most of the comparisons between radiographic imaging and ultrasonic
imaging techniques involved X-ray CT imaging and longitudinal C-

scan ultrasonic imaging. Comparisons involving radiographic imaging
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and ultrasonic imaging techniques were performed to study the
evolution of damage (cracks, delaminations) in self-healing
composites (composites containing a fraction of hollow micro-fibre,
which results in the composite’s capacity for self-healing)[71], for the
detection of BVID in composites (e.g. matrix and fibre cracks,
debonding and fibre pullout) [128], as well as the evaluation of porosity
content in composites plates, which is more difficult to estimate using
ultrasonic imaging alone [129]. Both imaging methods are capable of
detecting damage in fibre-reinforced composite plates, with X-ray CT
imaging offering higher resolutions and capable of detecting micro-
damage and individual plies, up to the detection of individual fibres
[71,128,130].

In [131], ply orientation and wrinkling was mapped and characterised
in CFRP using ultrasonic imaging by presenting new segmentation
methods, which was then confirmed using X-ray CT imaging. The
same was done in [132] for matrix cracks, micro-buckling, fibre
breakage and void volume quantification. In [18], ultrasonic signal
attenuation was compared with X-ray CT imaging for the quantification
of porosity in composite plates, showing a correlation between the two
imaging methods and increasing porosity.

In [71], both ultrasonic C-scan imaging and X-ray micro-tomography
were used to study the evolution of BVID for low velocity impacts on
self-healing composite materials. Both the CT imaging and the C-
scans showed a consistent increase in the damage shape with
increasing impact energy. The C-scan proved to be of limited
resolution, meaning some damage, such as micro-cracks, or even the
distinction between the individual fibres, can go undetected. However,
this method is still capable of showing the maximum extent of the
damage in the plane of the specimen. The CT images could detect
both delaminations and all cracks, as well as individual glass fibres,
due to its higher resolution. The full extent of the damage within the
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composite was extracted and allowed for an improved visualisation of

the failure patterns.

Another comparison between conventional X-ray micro-CT and
ultrasonic C-scans was investigated in [128], imaging both matrix and
fibre defects in composite plates with different fibre orientations,
including matrix and fibre cracking, matrix debonding and fibre pullout.
The investigated composite plates were of silicon carbide fibre with
silicon nitride matrix, including unidirectional plates with varying
number of plies and a cross-ply plate. Immersion C-scan was used
with transducers with frequencies ranging from 5 to 50 MHz. The aim
was to differentiate the fibres and matrix components with both X-ray
CT, where the two materials have similar absorption characteristics,
and with immersion ultrasonic C-scans, where the two materials have
similar acoustic impedances. X-ray CT was able to detect defects such
as voids with a diameter larger than the fibre diameter, fibre pullout,
matrix and fibre cracks, and fibre matrix debonding. Ply by ply
information was obtained and the fibre layout was extracted. However,
the obtained contrast was not high enough to differentiate between the
individual fibres and their matrix environment. As for immersion C-
scans, the fibre layout was observed both on the surface and
internally, and defects such as fibre debonding and matrix cracks were
also observed. However, fibre pullout below the surface could not be
unambiguously determined, even at high frequencies. In [18], a
quantitative comparison between X-ray CT and immersion ultrasonic
imaging was performed to evaluate defect distribution in ceramic
matrix composite plates. The plates used included a woven and a
cross-ply composite plate. A reasonable correlation between the CT
and ultrasonic images was found for the detection of porosity and
internal flaws within the composite plates.

Other comparisons often found in the literature are between different
X-ray imaging techniques, including XPCi: In [94,98], contrast agent
X-ray CT imaging was compared to conventional X-ray CT imaging
and XPCi CT for crack detection in CFRP, showing that, while the use
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of contrast agents in X-ray CT improves the contrast and detectability
of cracks relative to conventional imaging, it is limited as it can only
highlight surface breaking defects. This is not the case for XPCi, which
can detect the cracks better than the other two techniques thanks to
its inherent enhancement of the interfaces that form at cracks. In [133],
grating-based XPCi CT (voxel size 43 ym?3) was used to investigate
the degree of anisotropy of fibres in glass fibre reinforced polymers
through the dark field signal, and compare it with conventional X-ray
CT imaging (voxel size 6.5 ym?3). It was shown that the dark field signal
could characterise the different fibre orientation and their properties
comparably to the high-resolution X-ray CT scan.

A few studies comparing XPCi and ultrasonic imaging have been
carried out in the literature. The first was the EVITA (Non-Destructive
EValuation, Inspection and Testing of Primary Aeronautical Composite
Structures) project, funded by the European Union [134]. In this
project, two ultrasonic imaging methods, immersion through-
transmission imaging and phased array pulse-echo imaging, were
used to benchmark grating interferometry XPCi as a viable NDE
technique. The samples were advanced carbon fibre epoxy pre-preg
composites with different low impact damage defects, including cracks
and porosity. The dark field images proved to be highly sensitive to
porosity in the samples, as they lead to a change in fibre arrangement.
Crack detection was also achievable using XPCi and was quantified,
with the average crack density and shape measured. All the results
obtained were benchmarked against other established NDE
techniques, including ultrasonic imaging techniques. It was observed
that even though both XPCi and ultrasonic imaging were able to
observe porosity in the sample, XPCi offered a much better
quantification than the ultrasonic phased array and through-
transmission techniques. In [135], both planar and CT grating-based
XPCi was used to detect and identify micro-cracks in CFRP, and
compared with conventional X-ray CT and ultrasonic pulse-echo
imaging. It was shown that the addition of dark field imaging allowed

52



for a better identification and quantification of damage in the
structures, as well as the detection of interlaminar delamination and
intralaminar cracks, which were not visible in the other standard NDE
methods. Lastly, in [136,137], ultrasonic C-scans and El XPCi were
used to characterise low velocity impact damage in a cross-ply
composite plate. It was observed that the ultrasonic C-scan imaging
was able to detect defects such as delaminations and macro-cracks.
The phase-based X-ray images, and the dark field images particularly,
presented an advantage in detecting much smaller defects, such as
micro-cracks and debonding. The images were also compared with
conventional X-ray images, and a clear advantage was observed in
the XPCi images, as several defects visible in the phase enhanced

images were not visible in the conventional X-ray ones.

2.8 Scientific gap and Motivation

CFRP are widely used across several industries and are becoming
more popular every year. However, due to their brittle nature, the need
for efficient, non-destructive monitoring of such structures is of utmost
importance. Whilst the current methods (mostly ultrasonic and
conventional X-ray CT imaging) offer good detection capabilities of
damage in CFRP, they have disadvantages. Ultrasonic imaging is
easy to setup and can be used in-situ, but encounters difficulties to
identify multiple defects across the thickness of the sample, as well as
micro-defects, and requires compromises on resolution for the
analysis of thicker specimens. Conventional X-ray imaging offers high
resolution imaging, but encounters severe limitations in terms of
detecting defects using 2D planar imaging. As a result, time-
consuming X-ray computed tomography (X-ray CT) scans need to be
performed for better visualisation of damage, which also imposes
smaller specimen sizes. Moreover, in CFRP contrast limitations exist
due to similarities between the attenuation coefficients, leading to
more difficulties in resolving features [6].
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XPCi offers an advantageous approach as it offers two new phase-
based signals in addition to the conventional attenuation signal, which
were proven to detect fibre anisotropy and damage in CFRP in
previous studies. However, the XPCi methods used in these
investigations are more difficult to implement and were mostly
performed at synchrotron facilities. As El XPCi is easier to implement
in a laboratory environment and with standard X-ray sources, it offers
a degree of increased robustness compared to other XPCi methods.
It was thus chosen as the ideal candidate for the benchmarking of a
new, viable NDE method for damage detection in CFRP. This
benchmarking is achieved by comparing El XPCi to the most
commonly used NDE techniques in industry, i.e. ultrasonic and
conventional X-ray imaging. This allows to demonstrate ElI XPCI
capabilities for damage detection, for both in-service defects and

manufacturing defects.

2.9 Conclusion

This chapter introduced composites materials, manufacturing
processes and different defect types occurring during manufacturing
and in-service. The different NDE techniques used for the detection of
such damage were described, with a focus on ultrasonic imaging and
conventional X-ray imaging. A state-of-the-art review of the research
involving these two techniques for damage detection was presented,
highlighting the advantages and disadvantages of each technique.
The concept of X-ray Phase Contrast Imaging, and of Edge
lllumination XPCi was introduced, with their basic principles explained.
A review of the research using different XPCi techniques for damage
detection in composites was described, along with a list of
investigations comparing the extent of damage detectable in
composites using XPCi methods to conventional NDE techniques,

more specifically ultrasonic imaging, and conventional X-ray imaging.
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3 Experimental Methodology: Ultrasonic
Immersion C-Scan Imaging and Edge

lllumination X-ray Phase Contrast Imaging

3.1 Introduction

This chapter presents details of the different experimental setups of
the used imaging systems, i.e., Edge lllumination X-ray Phase
Contrast and ultrasonic immersion C-scan imaging. Additional
techniques were used for confirmation of the observations made using
XPCi, as they are often used for defect detection and analysis in fibre
reinforced composites. These are described in the respective chapters
in which they are used, along with the description of the used
specimens. New image analysis tools are presented here, aimed at
correcting artefacts from source and mask movements during the El

XPCi image acquisitions.

3.2 Specimens

Three types of specimens were used in this study to investigate
different defects induced in fibre-reinforced composite plates. The first
was supplied by Nikon and was a small cross-ply CFRP plate with
severe impact damage, including a 4mm diameter indent visible on the
surface; the second sample was supplied by the Composite System
Innovation Centre at the University of Sheffield and was a larger cross-
ply CFRP with impact damage induced using a hemisphere with an
impact energy of 7.4J[138]. The final series of specimens, consisting
of 9 plates, was provided by the National Composites Certification and
Evaluation Facility (NCCEF) at the University of Manchester, and was
originally produced for Rolls Royce. The plates were cross-ply woven
CFRP with porosity varying between 0.7% and 10.7% deliberately
induced during manufacturing. All specimens are further described in
the respective chapter in which they are used, with more details about
manufacturing and the damage inducing processes.
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3.3 Ultrasonic imaging

Ultrasonic imaging is widely used for the NDE of composite plates in
industry. In this study, immersion ultrasonic imaging was chosen as it
is the most common NDE technique used for assessing damage
extent in composite plates. Two imaging methods were used to inspect
those: pulse-echo double through transmission and through

transmission.

3.3.1 Double Through Transmission

In the pulse-echo double through transmission imaging method, a
transducer acts as both the transmitter and the receiver of the
ultrasonic signal [139,140]. The transducer, immersed in water, emits
a short ultrasonic pulse which propagates through the water to the
specimen and a metal reflector plate placed underneath it. The signal
is reflected by the metal reflector and goes through the specimen a
second time before being captured by the transducer [82,141]. The
transducer is connected to a pulser/receiver unit (Panametrics 5601T),
an oscilloscope (LeCroy 9304), and a positioning system, which
moved the transducer across the sample. A thick stainless-steel plate
was positioned at the bottom of the water tank and served as a metal
reflector. The composite specimen was placed a distance D. above
the surface of the steel plate, as shown in Fig. 3-1. This distance was
chosen considering that a few wavelengths allow for a clear time
separation of the double through transmission signal and the pulse-
echo signal reflected from the composite specimen [140].

Various transducers, with different frequencies (10 MHz to 30 MHz),
focal spots and beam diameters were used. For the focussed
transducers, the correct positioning at the focal length F, with respect
to the sample was achieved using the wave velocity in water and by

calculating the expected pulse arrival time, using Equation 3-1.
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2F, (3-1)

Where v is the wave velocity, 1 is the wavelength, t is the pulse arrival
time, and f is the transducer centre frequency. The wave velocity in
water is assumed as 1500m/s [142]. This velocity can easily be verified
by moving the transducer a known distance from the specimen and

measuring the change in arrival time of the reflected signal.
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PC N Oscilloscope
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Transducer Water

Specimen

Steel plate

Figure 3-1 Experimental setup of the immersion double through transmission
imaging technique.

The focussed beam diameter, Dy, of the transducer, was calculated
using Equation 3-2, to decide on a sensible step size for the
transducers. The average step size for the pulse-echo double through
transmission scans was approximately 200um for the specimens

studied here.
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EA (3-2)
Dy = 1445

where D is the transducer diameter. A longitudinal wave was emitted
from the transducer and the reflections from both the immersed
specimen and reflector steel plate were recorded, producing A-scans,
as is shown in Fig. 3-2, which were saved as Matlab files.
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Figure 3-2 Time-gated A-scan obtained from immersion double through
transmission scan of the Nikon composite sample, showing a first reflection from the

plate, and a second reflection from the reflector steel plate.

A-scans are representations of the amplitude of the received signal as
a function of time, for different locations across a given sample. Two
different types of measurements were extracted from each A-scan.
The earlier signal is attributed to the first reflection in the A-scans,
which arises from the reflection of the incident wave from the
composite plate itself, and was used to produce B- and C-scans. C-
scans are a surface representation of the sample obtained by plotting
the peak amplitude of the received signal within a chosen arrival time
window. B-scans are transversal cuts through the sample, obtained by

plotting a sequence of A-scans along a given direction, showing color-
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coded variations in the reflected amplitudes. B-scans are used to
represent the different plies and possible damage within the sample,
including features that are not necessarily visible from C-scans due to
their orientation (i.e., parallel as opposed to perpendicular to the
beam). The maximum amplitude of the second pulse in the A-scan
was extracted, which corresponds to a double-through transmission
measurement, i.e., the reflection of the wave from the surface of the
steel plate, having propagated twice through the composite specimen.
This gives an indication of the cumulative damage across the
thickness of the sample, and was used to detect delaminations within
the sample (areas of very low detected amplitude), and the presence

of other types of severe damage (e.g. cracks) [12].

The C-scans produced for the composite sample were obtained by
plotting either the positive maximum or negative minimum of the time-
gated A-scans. The choice between the positive maximum or the
negative minimum depended on the mismatch in the acoustic
impedance of the different components involved [83], as shown in
Equation 3-3:

_ =2 (3-3)

R

Where R is the normal incidence reflection factor, and Z, and Z, the
acoustic impedance of the two media involved. When there is a high
mismatch in acoustic impedance between two media, the fraction of
the energy reflected at the interface is larger [143,144]. When looking
at the difference in acoustic impedance between the two interfaces, a
transition from a medium with high acoustic impedance (Z;) to a
medium with a lower acoustic impedance (Z,) will result in a negative
reflection amplitude (i.e., negative R), whereas the opposite will result
in the use of the positive reflection. The acoustic impedance of water
is 1.5*108 kgm2s', and for steel is 46*10° kgm=s™' [145]. The acoustic

impedance of a carbon-based composite plate is approximately 5.5-
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6.2*10° (kgm=s™) [146]. The acoustic impedance, Z, of a medium, is
a function of its density, p, as well as the sound velocity, v, of the wave
through the material, shown in Equation 3-4 [143,144]:

Z=p*v (3-4)

As a result, using the respective densities and sound velocities in each
individual component, the respective acoustic impedance can be
calculated. For CFRP, the composite system and lay-up, as well as
the fibre and matrix volume fractions need to be known to enable

density and sound velocity estimations.

3.3.2 Through Transmission

The second scanning method used was single through transmission
imaging. In this setup, two different transducers are used, one as a
transmitter and the other as a receiver [68]. Here too both transducers
are immersed in water; A signal is created by the pulser/receiver unit
(Panametrics 5601T), which is then emitted by the transmitting
transducer. The pulse then propagates through the water onto the
specimen. The transmitted signal is then captured by the receiving
transducer, which is also connected to the pulser/receiver unit, and the
output signal is displayed by an oscilloscope (LeCroy 9304), as shown
in Fig. 3-3. Unlike with the double through transmission
measurements, the sample was positioned vertically, and was

scanned along the y- and z-axes.

The single through transmission imaging method was used for the
porosity specimens, since the presence of porosity leads to an
attenuation of the signal, as it is scattered by the small voids [12]. A
series of transducers of varying frequencies (2.5 MHz to 5 MHz) were
used for comparing the relation between frequency and signal
attenuation. Both unfocussed and focussed transducers were used on
the porosity specimens. The unfocussed transducers were both
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placed at a distance away from the sample beyond the near field
distance of the transducers. The near field corresponds to the area
where the beam amplitude fluctuates, and the near field distance is the
point at which the beam becomes uniform and is at its maximum
strength, allowing optimal detection [147]. The near field distance is

given by

N D?  D*f (3-5)
T 41 4

Where D is the beam diameter, A is the signal’s wavelength, f is its
frequency and v is the wave velocity. In water, this velocity is
approximately 1500m/s [148]. For both the single through transmission
and double through transmission measurements, the focussed
transducers were placed at a distance equal to the focal length of the

transducers.

I~

[ Oscilloscope ] [ Positioning System ]

T
[ Pulser/Receiver

Receiving transducer
z

120

Transmitting transducer

Figure 3-3 Single through transmission experimental setup.

Here too, full A-scans of the received signal were recorded at each
measurement point; however, this time they represent the signal
transmitted through the sample. From those A-scans, the signal
attenuation (dB) in the plates was calculated. To measure the signal
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attenuation of the plate, a first scan was acquired with no sample in
the beam path. This was done to measure the average signal
transmitted through water by measuring the maximum amplitude for
each of the A-scans and taking the average. Once the average signal
amplitude was calculated in water, it was then compared to the signal
amplitude transmitted through each individual plate, and the signal

attenuation was calculated as:

Vwater (3-6)

plate

Al (dB) = 201log

Where Al is the signal attenuation (dB), Vwater and Vpiate are the
averages of the maximum signal amplitude through water (V) and
through the specimen, respectively [52,86]. These signal attenuation
values were calculated for each entire specimen for comparison with
the manufacturer's values, for the investigation of the signal
attenuations across different frequencies, and for the creation of C-
scans representing the variation in signal attenuation across the
plates. Small ROIs were also used for signal attenuation calculations
for comparison with the X-ray signals and are discussed further in
Chapter 6.

3.4 Edge lllumination X-ray Imaging
An Edge lllumination system was set up at UCL using apertured
masks, as described in Chapter 2.6.3. It was used to acquire both

planar and CT scans of the specimens.

3.4.1 Experimental Setup

The experimental setup of the Edge Illumination system at UCL
included a Rigaku MicroMax 007 HF rotating anode molybdenum X-
ray source. It features a 70 pym focal spot, and in this research was
used with 40 kVp voltage and 20 mA current. The detector was a
Hamamatsu C9732DK CMOS flat panel with a 50x50 um? pixel size.
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A CMOS sensor was selected in this setup as it offers direct coupling
between sensor and scintillator, as well as a higher readout speed and
a larger active surface than a CCD sensor. The source to detector
distance (Zsp) was 0.85m, with the sample placed on a stage 0.7 m
away from the source, and the source to sample mask distance (Zswm)
of 0.65 m, as shown in Fig. 3-4. No special modifications were made
to this system for this project, as it had already been optimised for
previous experiments. System optimisation depends primarily on the
systems components (source, detector and masks), and only
marginally on the investigated samples, as long as they have similar
attenuation characteristics and a comparable resolution level is

required.

(a) (b)

Detector

Detector '

Mask

9

Sample
Mask

Figure 3-4 (a) EI XPCi laboratory setup at UCL used in this project, showing the
source, detector, sample stage and the set of apertured masks; (b) close up on
sample mask, sample stage, detector mask and detector; the sample mask is placed

upstream of the sample, and the detector mask placed in front of the detector.

The two masks were placed between the source and the detector; the
sample mask was placed upstream of the sample, 0.05 m away from
the sample stage (Zmo), and the detector mask was placed directly in
front of the detector. The masks were made of gold on a graphite
substrate and were fabricated by MicroWorks. The system’s
magnification, M, due to the divergence of the beam, and given by

_ Zsp / (3-7)
M (Zsu + Zuo)
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and was calculated to be 1.214. The whole system was sensitive to
phase variations in 1D along the x-direction. The detector mask is
designed specifically for the detector used to match the pixel spacing.
The sample mask size is determined by the system’s magnification.
The aperture size of the sample mask is chosen based on the desired
resolution of the system. As with any X-ray system, there is a radiation
risk which requires for the system to be in a shielded room or

enclosure.

For the acquisitions of the severely damaged composite plate in
Chapter 4, the sample mask used had an aperture of 12 ym and a
period of 38 ym, and the detector mask has an aperture of 20 ym and
a period of 48 um. Those masks, in which every pixel has an aperture
associated with it, are called non-skipped masks, and the detector
mask design for a non-skipped system is shown in Fig. 3-5(b). As is
the case with all indirect conversion x-ray detectors using a scintillator
(as the Hamamatsu C9732DK does), the resolution is affected by
cross-talk between neighbouring pixels, with 25% of the signal
spreading in all directions to the next pixel, and a further 5% to the
second neighbouring pixels [149], as shown in Fig. 3-5(a). EI XPCI
offers an option to correct for this effect at the expense of resolution
(or of scan time if “dithering” is used, see below) by doubling the mask
period, with every other pixel becoming obscured by the mask septa.
Such masks are called skipped masks, and this correction was
introduced for the acquisitions of the cross-ply composite plate and the
porosity specimen (Chapters 5 and 6, respectively).

The skipped mask concept is shown in Fig. 3-5(c), where the periods
of the sample and detector masks were doubled, resulting in an
aperture of 12 ym and a period of 78 um for the “skipped” sample
mask, and an aperture of 20 um and period of 98um for the “skipped”
detector mask. This resulted in every other pixel being shadowed,
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reducing the effect of cross talk between neighbouring pixels, and

ultimately improving the system resolution when dithering is used.
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Figure 3-5 Schematic of cross-talk between pixels (a) as well as comparison of non-
skipped (b) and skipped masks (c) with respective aperture and period size

compared to detector pixel size.

The image acquisition process included the acquisition of a set of flat
fields, which has to be repeated for every relative displacement of
sample and detector masks. These displacements are used to obtain
the illumination curve, which is a bell-shaped curve well approximated
by a Gaussian, representing the variation of the detected intensity as
a function of the sample mask position relative to the detector mask
[10,92]. For the planar images of all samples involved, a selection of
flat field images with 19 “points” along the illumination curve were
taken, where a “point” corresponds to a chosen sample mask position
relative to the detector mask. 19 points were taken in order to
maximise the signal statistics of the scans. 9 points were taken
symmetrically on each side with respect to the centre position (where
the sample and detector masks are perfectly aligned and the detected
intensity is maximised), corresponding to the top of the illumination
curve. The step size of each sample mask position was 2 ym in the x-
direction between each consecutive IC point. The sample was then
mounted on a stage which could be moved along the x-axis. The

sample data acquisition was carried out by taking 19 frames with the
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sample mask positioned at the same relative positions as previously
done for the illumination curve. In order to increase the resolution, the
samples were also dithered, i.e., repositioned at sub-pixel locations,
for each sample mask position [150]. The dithering step size was
calculated using Equation 3-8:

Sample mask period c (3-8)
*

Dithering step size =
tthering step size Number of dithering steps

Where G is the geometric magnification between the sample stage
and the sample mask position, with ¢ = 1.053 for the EI XPCi setup
used here. The dithered frames were then recombined to achieve an
image with a higher resolution.

3.4.2 Phase Retrieval

The images acquired using the ElI XPCi system described above
contained a mix of signals from different contrast channels. A phase
retrieval procedure was applied to the acquired images to extract the
attenuation, differential phase, and dark field images of the sample.
The principal phase retrieval method described here, discussed in
[11], assumes that the illumination curve, defined as the variation in
detected intensity as a function of the sample mask positions relative
to the detector mask, can be represented by a Gaussian function. Fig.
3-6 shows a typical illumination curve obtained by scanning the
sample mask with respect to the detector mask, without a sample in
the beam, and measuring the corresponding intensities.

In an EI XPCi system, every pixel can be treated independently. In
order to obtain the attenuation, differential phase and dark field
images, a Gaussian, Iy(x),is first fitted to the illumination curve

measured in the absence of a sample:
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(x - AxN)Z] (3-9)

Iy(x) = tyexp [— 252
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Figure 3-6 Typical illumination curve obtained by scanning the sample mask with
respect to the detector mask, showing variation in recorded intensity; the maximum
intensity corresponding to the sample and detector being perfectly aligned, and the

minimum intensity detected when they are out of phase.

A second Gaussian, I;,(x), is then fitted to a series of sample images
acquired at different sample mask positions, such that, for each

individual pixel:

I () =t * {ey exp | - S50} (3-10)

20

where ty and ty * t, represent the areas of the curves, Axy, Ax,, the
curve centres, and 3, o5 the curve widths obtained without and with
the sample, respectively.

By comparing the three parameters of the Gaussians fitted with and
without sample, the three channels can be obtained [151]. tu
represents the “conventional” attenuation image, while the refraction

Axy and scatter images ¢ are be obtained as:
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AXR = AXM - AxN

0 = a2 — o’ (3-11)

In practice ty represents the (relative) reduction in curve area, Axy its
lateral shift, and o its relative broadening, as shown in Fig. 3-7. While
in principle only three measurements at different sample mask
displacements are needed to retrieve the three desired parameters,

often more measurements are taken to increase the fit robustness.
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Figure 3-7 Changes induced to the illumination curve due to the introduction of a
sample into the beam, with the amplitude tn decreased by absorption, the centre
position of the Gaussian shifter by Axy by refraction and the broadening of the

Gaussian by a factor o due to small angle scattering.

However, due to the combination of a low scattering signal and
excessive cross-talk between the pixels, the above method struggled
to reliably retrieve the desired contrasts, especially the scattering
signal. To solve this problem, a new retrieval method, developed by
Maughan Jones [152], was used, which takes into account the fact that
neighbouring pixels are not independent from one another. This

method involved fitting three overlapping Gaussian distributions,
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separated by the sample mask period, to three horizontally adjacent

pixels, as shown in Fig. 3-8.
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Figure 3-8 Sum of three Gaussians for three adjacent pixels used for the phase
retrieval, separated by the sample mask period. Only the parameters of the central
Gaussian, corresponding to the central pixel, were used for the retrieval of the

absorption, differential phase and dark field images.

Here too, the three parameters of the Gaussians (area, position of the
maximum and variance of the curve) were extracted from the
Gaussians fitted to the illumination curve, and to the measured
intensity from the sample for three adjacent pixels. However, only the
coefficients of the central Gaussian (i=0), which corresponds to the
central pixel, were used for the retrieved images. By applying this
principle in a “rolling” fashion, every pixel can be individually retrieved
while discarding the negative influence of its two nearest neighbours
[152].

3.5 Additional Imaging methods
The main aim of this project was the comparison of the El XPCi system
with ultrasonic imaging for the detection and identification of defects in

fibre-reinforced composite plates. Other imaging techniques were
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used in this project, either for the confirmation of the observation made
using El, or to enhance the capabilities of EI XPCi compared to other
conventional imaging techniques. High-resolution conventional X-ray
CT imaging was used for the severely damaged composite plate
(Chapter 4), and contrast agent enhanced planar X-ray imaging was
used for the second damaged composite plate (Chapter 5). Each of
the additional imaging methods are described in the respective

chapters.

3.6 Image Processing Techniques

In the planar image acquisitions described in Chapter 5 and 6, several
image artefacts were observed due to the long acquisition times
performed for these CFRP samples, which required different
acquisitions parameters compared to other samples. These artefacts
were due to movements of the system components, including both the
source and the sample mask. As a result, post-acquisition image
processing tools were developed to correct those image artefacts and
remove them from the images without affecting the qualitative and

quantitative quality of the images.

3.6.1 Mask lines Correction

The sample and detector masks are manufactured by electroplating
(absorbing) gold onto a (transmitting) graphite substrate, resulting in a
periodic array of gold and graphite columns. This splits the X-ray beam
into an array of thin vertical beamlets going through the graphite. In
order to provide stability to the structure, the vertical apertures in the
gold layer have periodic interruptions (gold horizontal “bridges”). From
the retrieved images acquired in Chapter 5, a mask lines artefact, due
to the gold bridges in the masks apertures, was observed throughout
all images, which was caused by a vertical source movement during

the acquisition [153].
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Figure 3-9 Region of interest (ROI) of undamaged area of CFRP sample from the
dithering steps 1 (a), 8 (b) and 16 (c) of the attenuation channel, showing the
appearance of the mask lines artefact with scanning time.

This movement projected the horizontal bridges onto slightly different
vertical positions at the detector over time, resulting in the appearance
of the horizontal lines which, in the absence of movement, would be
removed by the flat field correction. The scanning time for each of the
acquisition was about an hour, and the mask lines became more
prominent as the scan progressed. Fig. 3-9, which separately shows
subsequent dithering steps, shows how artefacts related to the masks’

horizontal lines appear as the step number increases.
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Figure 3-10 2D Fourier Transform of the 0° attenuation channel, with the main spike

corresponding to the mask lines artefact highlighted by red arrow.

To remove these artefacts, a Fourier approach was used. The bright
vertical point in the middle of the 2D Fourier Transform of the image
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(Fig. 3-10) corresponds to the high frequency signal from the mask
lines artefact. This spike was thresholded and removed.

Once this spike was removed, the inverse Fourier Transform was
applied to obtain the final images. The resulting images with reduced
mask lines artefacts are shown in Fig. 3-11. The images were then
combined to include both the 0° and 90° orientations in a single image,

as described in Chapter 5.3.2.

Figure 3-11 Attenuation (a), differential phase (b) and dark field (c) channels of the
0° orientation scan of the CFRP sample from Chapter 5, with the mask lines artefact

removed, without affecting the sample; axial splitting cracks observed.

3.7 Gradient Correction

A common problem encountered in the El XPCi imaging system is the
misalignment of the apertured masks. The robustness of the El XPCi
system against potential misalignments has been tested and it was
shown that a misalignment within a 1° range across all three angular
degrees of freedom, as well as up to 1 um translation do not affect the
quality of the image [154]. After the acquisitions of the porosity
specimens in Chapter 6, a gradient was observed across the full
differential phase images, as well as a distinct change in intensity

across the dithering steps, as shown in Fig. 3-12.

This gradient was associated with the movement of the masks (more
specifically, the sample mask) during the acquisition, which was longer
than a standard planar acquisition due to the high statistics required

(1 hour vs. a few minutes for a standard planar image). This movement
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led to a substantial variation in intensity (as shown in Fig. 3-12)
between dithering steps. To resolve this issue, the movement of the
masks was tracked using the images of the individual dithering steps.
In each image, the average signal in different areas was used to

estimate the relative mask movement and correct for it.
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Figure 3-12 Dithering artefact observed throughout the porosity samples images,
where a periodic variation in the intensity (in urad) across the dithering steps can be
observed.
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Figure 3-13 Variation in intensity (in urad) observed across a single dithering step
(a), both in the top left corner (b) and bottom right corner (c), showing a gradient

across both the x- and y-directions.

As can be observed from Fig. 3-13, a clear variation in background
intensity could be observed. A first gradient in the x-direction can be
observed in both Fig. 3-13(b) and (c), indicating a slight rotation of the
mask around the y-axis. A second gradient can be observed in the y-
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direction, by comparing the average intensity in Fig. 3-13(b) and (c),
showing a clear decrease, indicating a rotation of the mask around the
x-axis [155]. To correct for this gradient, a correction map was created
by fitting a polynomial to the background signal of each individual
dithering step. The background in the image was thresholded by
plotting the standard deviation of the differential phase image: The
standard deviation was calculated over an area of 7x7 pixels, on a
pixel-by-pixel basis, as shown in Fig. 3-14(a). This was done as the
standard deviation of the background was substantially lower than the
sample’s, hence simplifying the thresholding task. The resulting
threshold image is shown in Fig. 3-14(b).

Figure 3-14 Standard deviation of the differential phase for a single dithering step
image, calculated on a pixel-by-pixel basis (a) over area of 7x7 pixels, used to
threshold background (b); correction map (c) created using background and new,

gradient free dithering step (d).

An investigation was carried by Doherty et al. [155] to quantitatively
determine the variation in the illumination when one mask is
misaligned relative to the other in a given degree of freedom. This
investigation was used to determine the degrees of freedom involved
in the misalignment during the acquisitions of the planar sample
images, and as a result determine the order of the polynomial needed
for gradient correction. The polynomial fitted to the background of the
differential phase image was two dimensional (to correct in both the x-
and y-direction) and had the form:
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P(x,y)=axy+bx+cy+d (3-12)

where a, b, ¢ and d are integers. The correction maps were then
subtracted from their corresponding images, with the resulting
corrected image in Fig. 3-14(d). This was repeated for images
acquired at all dithering steps. The dithering steps were then
recombined to form the higher resolution differential phase image. A
comparison showing the differential phase signal before and after the
gradient correction is shown in Fig. 3-15.

(b)

Figure 3-15 refraction image of recombined dithering steps before (a) and after (b)

gradient correction.

The contrast was stretched in order to enhance the change in the
background from one image to another. A clear improvement can be
observed after the implementation of the gradient correction. The
background of the gradient corrected image is uniform across the
image, averaging 0, without the correction affecting the features of the
sample.

3.8 Conclusions

This chapter presented the two main imaging methods used for the
detection and identification of defects in fibre-reinforced composite
plates, ultrasonic immersion C-scan imaging and phase contrast X-ray
imaging, as well as two new post-acquisition image processing tools

developed to remove imaging artefacts from source and sample mask
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movements. The results and specific details of the experiments are
described in Chapters 4 to 6. In Chapter 4 the double through
transmission ultrasonic immersion C-scan imaging of a severely
damaged composite plate is compared to the Edge illumination
system, both for planar imaging and CT, to benchmark EI XPCi as a
viable NDE method. The comparison and conclusions from the two
imaging systems are then further confirmed by the acquisition of a
high-resolution conventional CT scan of the composite sample. In
Chapter 5, the El XPCi system, and more specifically the differential
phase and dark field signal channels are compared to contrast agent-
enhanced radiography, reinforced by ultrasonic double through
transmission immersion C-scan imaging. Lastly, in Chapter 6, the
porosity specimens are quantitatively studied and a possible
correlation between phase-based signal and ultrasonic attenuation is
investigated, obtained using single through transmission ultrasonic

immersion C-scans.
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4 Benchmarking El XPCi as an NDE Technique
for Damage Detection in Composite Plates by

Comparison with Ultrasonic Imaging

4.1 Introduction

This chapter presents a comparison between El XPCi planar and CT
imaging, and ultrasonic immersion C-scan imaging for an investigation
of the type, extent, and location of impact damage in a small composite
plate sample in which damage was clearly visible as an indent of
approximately 4mm diameter and a protrusion of 5.5 mm diameter at
the back. The aim of this chapter was to benchmark ElI XPCi as a
viable NDE method. In the first part of this chapter, a full investigation
of the sample using ultrasonic imaging is presented, with both B- and
C-scans of the samples at different areas of the sample shown. The
second part of this chapter presents an initial investigation of the
sample using planar ElI XPCi, imaging the sample in different
orientations. In the third part of this chapter, a full comparison between
the ultrasonic B-scans and the EI XPCi CT images is performed for
three different areas of the sample, including an undamaged area,
delamination, and a severely damaged area. The last part of this
chapter presents a high-resolution, conventional X-ray CT scan of the
sample to confirm the observations made from the differential phase
and dark field images of this sample. The main results presented in
this chapter are included in a first author paper published in the journal
Composites Part B, “Enhanced Composite Plate Impact Damage
Characterisation using X-Ray Refraction and Scattering Contrast
Combined with Ultrasonic Imaging” [156].

4.2 Specimen

A 2 mm thick, 19*19 mm? carbon fibre/epoxy resin cross-ply laminate
sample containing severe impact damage was provided by Nikon,
shown in Fig. 4-1. The 16 plies were each measured to be
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approximately 125 ym thick (See section 4.5.1), and the top and
bottom laminae were observed to have a woven structure. The sample
contained an indent induced by impact, approximately 4 mm in
diameter and 1.2 mm in depth, which resulted in a small protrusion on
the back of the plate, approximately 5.5 mm in diameter and 0.5 mm
deep.

(a) 19mm (b)

19mm

Figure 4-1 Photograph of specimen: (a) impact damage on front surface; (b)

protrusion on back surface.

No further information about the manufacturing of the sample was
provided, nor any details about how the defect at the centre of the
sample was caused. As a result, the number of plies, lay-up and
stacking sequence, as well as the impact mechanism and energy were
not known. While it is customary to choose samples with BVID for
benchmarking of a new NDE technique, here a sample with severe
impact damage was chosen as it ensured the presence of different
types of damage across multiple scales, thus enabling to test the
capability of EI XPCi over a wide range of damage sizes and degrees

of severity.

4.3 Experimental Methods

The composite sample was imaged using ultrasonic immersion C-scan
imaging, El XPCi, with both planar imaging and CT imaging for a full
investigation of the damage. High resolution X-ray CT imaging was
also performed.
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4.3.1 Ultrasonic Imaging

Ultrasonic immersion C-scan imaging was performed on the
specimen, using the setup described in Chapter 3.3.1. This was done
using three different transducers: a 72 inch (13 mm) diameter,
unfocussed 10MHz transducer, and two % inch (6 mm) diameter,
focused longitudinal transducers, with frequencies of 20MHz and
30MHz. The frequencies were chosen for this sample by taking into
consideration the ultrasonic wavelength, which should be short
enough to allow ply layer separation, signal attenuation that increases
with frequency, and the achievable lateral resolution, determined by
the transducer beam diameter. The focussed transducers were
positioned at the focal length of % inch (19 mm) above the surface of
the sample. The transducers focal spot diameters were calculated to
be 650 um and 400 ym in water, and wavelengths of 140 um and 90
Mm, respectively, using an estimated velocity in the composite sample
of 2800 m/s (calculated using the thickness of the sample and
Equation 3-1). The wavelength of the 10MHz transducer was
calculated to be 280 um. However, the 10MHz unfocussed transducer,
with a nominal diameter of 19 mm (% inch), was not sensitive enough
to obtain an accurate representation of the sample, or the damage
within it. As a result, only the scans obtained from the focussed
transducers were analysed further. Initial scans were taken with
different step sizes to investigate which step size would provide
enough information. The step size was chosen as 200 ym, which was
the smallest step size allowed by the system used and corresponds to
half of the focal spot diameter of the 30MHz transducer. The A-scan
acquisition was done over an area of 130*130 steps, resulting in an
area of 680 mm?, to contain the full sample, with a sampling rate of
100MHz. The scanning time was about 8 hours on a laboratory
system. The A-scans were used to generate both B- and C-scans for
comparison with El XPCi CT slices.
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4.3.2 EI XPCi

The experimental setup described in Chapter 3.4.1 was used to
acquire El XPCi CT images of the sample. The detector used was a
Hamamatsu C9732DK flat panel CMOS detector with a 50 x 50 um?
pixel size. Due to cross-talk between neighbouring detector pixels
caused by the diffusion in the scintillator, the effective resolution of the
detector was approximately 100 um [157]. El XPCi was implemented
using a set non-skipped masks: The sample mask had an aperture of
12 um and a period of 38 um, and the detector mask had a 20 ym
aperture and a 48 ym period [158]. For the planar images acquisition,
19 points along the illumination curve were taken, with 9 points taken
symmetrically on each side with respect to the centre position (i.e.
where the sample and detector masks are perfectly aligned and the
detected intensity is maximised). The sample mask was translated by
2 um along the x-direction between each point, with an exposure time
of 1.2s, the longest time achievable without saturating the detector.
The sample was mounted on a stage which could be moved along the
x-axis. The sample data acquisition was carried out by taking 19
projections with the sample mask placed at the same relative positions
as done for the illumination curve. In order to increase the resolution,
the sample was also dithered, i.e., repositioned at different sub-pixel
locations, for each sample mask position. The dithered images were
then recombined in a single image with a higher resolution. The
sample was dithered 10 times for each mask position, moving by 4 ym
along the x-direction for each dithering step, calculated using Equation
3-5. Both the surface and the thickness of the sample were imaged
using 2D planar XPCi imaging. As the system is only sensitive to
refraction of the beam in the x-direction, two sets of images were
acquired, in both the 0° and 90° orientations, to obtain sensitivity along
the two main axes for two sets of sample orientations (i.e. for the face
on and through thickness scans).

The CT images were taken using the same experimental setup
described above, using the non-skipped sample and detector masks.
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Five sample mask positions were used to obtain the illumination curve,
with a 6 ym translation along the x-direction, and no dithering was
applied. For each sample mask position, 1800 projections were taken,
with a sample rotation of 0.2° per projection. Each projection had a
1.2s exposure time, resulting in an overall acquisition time of 12 hours
(3 hours live scanning time) due to overheads in the non-optimised
system. The image acquisition procedure required acquiring a flat field
for every sample position, thus the sample was removed from the field
of view after every projection acquired. This was done to account for
any possible movement of the system during the acquisition, which
lasted for almost a day. The voxel size was 41*41*41um3.

Phase retrieval was carried out on the both the planar and CT image
sequences using the three Gaussians method described in Chapter
3.4.2 to obtain the attenuation, differential phase, and dark field
projection images. The CT retrieved channels were then reconstructed
using a CT reconstruction algorithm provided by Nikon, which was a
Feldkamp-type reconstruction. The reconstructed CT images were
then segmented and visualised using Drishti, a volume exploration and

presentation tool [159].

4.3.3 X-Ray CT imaging

An additional high-resolution X-ray scan of the sample was performed
using a commercial X-ray system (Nikon XTEK XTH 225kV). The scan
was performed using 40 kV beam energy and 358 pA beam current. A
PerkinElmer 1620 flat panel detector was used, with 200 um pixel size.
The system had a geometric magnification of 14 resulting in an
effective pixel size of 14 ym. The exposure time per projection was 1
s, and a total of 3185 projections were acquired, resulting in a scanning
time of approximately 1 hour. The experimental setup for this system
is described in [160].
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4.4 Ultrasonic Imaging

The composite sample was scanned using the ultrasonic immersion
C-scan imaging described in Chapter 3.3.1 and 4.3.1, using a variety
of frequencies. Multiple frequencies were used to optimise the damage
assessment in the sample for a comparison with EI XPCi.

441 C-scan Ultrasonic Imaging

The Nikon sample was initially imaged using 20 MHz and 30 MHz
focussed transducers to obtain double through-transmission C-scans,
with a 200um step size. Double through-transmission scans are used
to detect severe damage, nominally delaminations, within the sample,
clearly visible as areas with little or no signal. However, they give no
indication as to what depth within the composite plate the damage is
located. Unfortunately, the 30 MHz focussed transducer suffered from
high attenuation, and a double-through transmission signal was not
observable. Therefore, only one double-through transmission C-scan
with high sensitivity was obtained from the 20MHz focussed scan, as
shown in Fig. 4-2.

The overall damage detected was much larger than the indent visible
on the surface of the sample, with dimensions of 8.2*7.8 mm?2. The low
signal observed on either side of the sample are due to attenuation
from the sample holders, which were placed between the sample and
the stainless-steel plate (See Fig 3-1). The high signal at the bottom
of the scan is due to the smooth area on the surface of the sample,
which is thought the be where the sample was held when the damage
was incurred (Fig.4-2). As the depth and thickness of the delamination
could not be obtained from the double through-transmission C-scan
alone, a further investigation of its location within the sample was
needed. The sample was scanned twice, alternating for the front and
the back surface facing the transducer, using the 20 MHz and 30 MHz
focussed transducers. The surface scans for both orientations and
frequencies are shown in Fig. 4-3.
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Figure 4-2 Double through-transmission C-scan of the sample using the 20MHz
focussed transducers with a 200um step size, showing the overall damage detected
within the sample, including a delamination, covering an area of approximately
8.2*7.8mm?>.

The C-scans were obtained from the peak reflections from the sample
surface closest to the transducer. Only the damage on the surface is
visible, and no indication of any internal damage can be obtained from
these scans. The measurement carried out with the 30 MHz focussed
transducer gave similar results to the 20 MHz C-scans, as can be seen
in Fig. 4-3(c) and (d). The front surface scans look very similar, with
the smooth surface in the bottom left corner showing up more clearly
in the 30MHz than in the 20 MHz scan. The indent at the centre of the
plate is visible in both scans, and the woven structure of the surface
ply can be observed in both scans. The back-surface scans effectively
look the same at 20 MHz and 30 MHz. Here too, the woven structure
of the ply is observed in both frequencies, with the 30 MHz scan
showing a slightly better reflection around the protrusion area.
However, it can be observed that the reflections of the 20 MHz scans
are of a higher amplitude to the 30 MHz scans. The best suited

transducer to be used on this sample was thus determined to be the
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20 MHz focussed transducer. It was found to offer a better resolution
than the 10 MHz transducer thus allowing a better assessment of the
damage. The 30 MHz focussed transducer was found to be too
attenuated, resulting in a lack of a double through transmission signal,
without offering a more accurate visualisation of the damage than the
20 MHz focussed transducer. As a result, all the images obtained by
El XPCi and the high-resolution X-ray CT imaging shown later on were
compared with scans from the 20 MHz scans.
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Figure 4-3 Front (a) and back (b) C-scan of the sample using 20MHz focussed
transducers; front (c) and back (d) C-scan of the sample using 30MHz focussed
transducers with 200um step size, showing the front surface indent as well as the
back surface protrusion.

Further C-scans were produced by time-gating the A-scans around
areas of interest, mainly the lower-surface C-scan, showing the peak
from the surface furthest from the transducer, and the sub-surface C-
scan, showing the maximum amplitude peak from the inner reflections

of the sample, as shown in Fig. 4-4. For the sub-surface C-scan, the
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positive maximum amplitude is plotted, whereas for lower surface
scans, the negative minimum is plotted, due to the difference in
acoustic impedance (See Chapter 3.3.1). The sub-surface and lower-
surface scans from both the front and back scans for the 20MHz
transducer are shown in Fig 4-5.
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Figure 4-4 Time-gating of the sample reflection to obtain the front surface C-scan

(red), sub-surface C-scan (green) and back surface c-scan (blue).

From the sub-surface scans from both sides (Fig. 4-5(a) and (c)), the
damage from the indent is clearly visible, extending over an area of
4.7x4.0 mm? for the front surface scan and 6.1x5.5 mm? for the back-
surface scan. In both scans, the cross-ply structure of the sample is
visible. High reflections can be observed around the indent and
protrusion, indicating the presence of damage around the impact area.
In the lower surface scans (Fig. 4-5(b) and (d)) the extent of the
damage is more similar, extending over an area of 8.2x7.3 mm?. In the
lower surface C-scan from the front surface scan (Fig. 4-5(b)), the
damaged area at the centre is observed to have almost no signal, due
to damage observed in the sub-surface C-scan, with dimensions
5.8*5.4 mm?, surrounded by a ring of strong reflections, indicating
further damage present close to the lower surface of the sample. Such

strong reflections could indicate the presence of a ring-shaped defect
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around the indent close to the lower surface of the sample. This was
not observed in the back-surface scan (Fig. 4-5(d)), where the lower
surface C-scan corresponds to the side with the indent, and the
entirety of the damage was already shown by the sub-surface C-scan.
However, the overall damage in the plate has the same shape in both
lower-surface scans, and is observed to be almost circular in both
scans, with two extensions visible in the top area, and a small
extension in the bottom left part of the damage. The lower-surface C-
scan looks very similar to the double through transmission scan shown
in Fig. 4-2, which is expected, as the signal in this scan has been all
the way through the plate and back. This was further investigated by
plotting the B-scans of the sample across the damaged area of the
sample, showing the ring-shaped damage.
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Figure 4-5 Sub-surface (a) and lower-surface (b) C-scan of the sample using front
surface scan; sub-surface (c) and lower-surface (d) C-scan from the back surface
scan for the 20MHz focussed transducer with 200um step size, showing the internal
damage detected at different depths, for both front and back surface scans.
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Figure 4-6 B-scans of the Nikon sample for 20MHz focussed transducer with 200um
step size at 8.6mm from top of sample (a) from front surface scan and (b) from the

back surface scan showing both front surface indent and back surface protrusion.

The damage is clearly visible in B-scans (Fig. 4-6(a)), where the indent
and surrounding damage can be seen. As expected, no signal was
reflected from the sample beyond the damage, and the lower surface
of the sample in that area was not visible. Strong reflections can be
observed from the edges of the damage closer to the lower surface in
Fig. 4-6(a), indicating the possible presence of a delamination in that
area observed earlier in Fig. 4-5(b). The damage at the back surface
of the sample is clearly visible in Fig. 4-6(b) with, also in this case, a
complete lack of signal from the area beyond the damage. Here too,
stronger reflections are observed on either side of the protrusion closer
to the surface, matching the assumed delamination in that area
observed in Fig. 4-5(b).

4.5 Planar El XPCi

The damaged sample was imaged using planar ElI XPCi for an initial
assessment of the damage extent observable. This was compared
with the known features observed from the ultrasonic imaging. The
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attenuation, differential phase and dark field signals were retrieved.
Images were acquired both through the surface and through the
thickness of the sample, and due to the 1D sensitivity of the system,
the sample was imaged twice for each orientation, rotated 90°
clockwise in the x-y plane (i.e., in the plane normal to the X-ray beam,
see Fig 2-6) to achieve sensitivity along the two main axes, as shown
in Fig. 4-7.

(a)

(d)

Figure 4-7 Planar images of the surface of the sample for the 0° (top) and 90°
clockwise rotation (bottom); Retrieved attenuation (a, d), differential phase (b, e) and

dark field (c, f) images.

The impact has a round outline in the attenuation images, which is
comparable to the shape observed in the double through transmission
ultrasonic C-scan (Fig. 4-2). It shows the material displacement due to
the impact damage, with the bright signal in the middle of the impact
corresponding to an area with less material, and the dark ring around
it corresponding to a denser area. However, especially the dark field
images show a square outline of the damage area, different to the
circular shape visible in the ultrasonic C-scan (shown in fig 4-5 with
larger damaged area detected). This shape of the damage is expected
due to the cross-ply nature of the sample and the directionality of the
signal’s sensitivity. As the phase-base signals are only sensitive to
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vertical features and the sample was rotated in the 90° scan, different
features are observed in the two scans. In the differential phase image
from the 0° sample orientation (Fig. 4-7(b)), a very strong vertical
feature can be observed on the right-hand side of the damage. This
was later identified as a delamination using the EI XPCi CT images
(see Chapter 4.6.2). This feature was not observed in the 90" scan as
it was no longer oriented along the direction of maximum sensitivity.
Vertical features are observed all around the main damage area,
which could be due to damaged fibre bundles of the cross-ply
structures. The cross-ply structure is visible in the attenuation image,
with only the vertical fibre structure visible in the differential phase
images due to the 1D sensitivity. In the dark field images, the square
shape of the damage is more pronounced than in the differential phase
images, with clear outline of the extent of the damage shape and larger
extent than observed in the differential phase and attenuation signals.
In both sample orientations, the dark field signal shows a strong
vertical stripe in the main damage area, which is also observed in the
differential phase images, indicating that some sub-pixel scale
features accompany the main damage, and that the damage extends
further than expected. Such damage could be due to fibre damage or
micro-cracks present in the matrix, as well as the extension of the

damage observed in the differential phase into a much smaller scale.

Profile plots were taken across the planar images of the sample to
assess the damage extent across the damaged area of the sample.
The extent of the damage was measured to be approximately 5.9*5.4
mm?2, 5.9*5.7 mm? and 6.6*7.3 mm? for the attenuation, differential
phase and dark field signals, respectively. As expected, the dark field
signal indicated a larger damage extent than the attenuation and
differential phase signals, due to its sensitivity to sub-pixel features.
The extent of the damage measured in the dark field signal is still
smaller than the dimensions of the damage measured in the double-
through transmission C-scan of the sample (8.2*7.8mm?, see chapter
4.4.1). This is due to the double through transmission C-scans being
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sensitive to delamination, which is harder to detect using planar El
XPCi. The sample was also imaged through its thickness, in order to
be sensitive to the fibre orientation in the cross-ply plate, as can be

seen in Fig. 4-8.

Figure 4-8 Planar images of the thickness of the sample for the 0° (leff) and 90°
clockwise rotation (right); Retrieved attenuation (a, d), differential phase (b, e) and

dark field (c, f) images.

In the images acquired through the thickness, the different plies can
be clearly seen, with both the attenuation and dark field images
showing different intensities for the alternating plies. This effect should
not be observable in the attenuation images, as there is no difference
in the thickness or attenuation coefficients between the individual
plies, with the only difference being fibre orientation. This was later
attributed to a bleeding of the dark field signal into the retrieved
attenuation image (See Chapter 5.3.3). These were used to confirm
the number of plies in this sample as the individual plies are well
defined and can be separated (unlike the ultrasonic B-scans in
Chapter 4.4.2). The protrusion at the back of the sample was initially
visible in the attenuation and dark field images, however the contrast
stretching applied in order to be able to see the individual plies
rendered the protrusion invisible. However, some damage is visible
within the protrusion in the dark field images. The dark field and
differential phase images also show the individual plies: In the

differential phase images, the interface created by adjacent plies leads
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to a strong signal. In the dark field images, the plies are defined by
variations in contrast depending on the orientation of the plies, with
plies in bright signal corresponding to the fibres parallel to the X-ray
beam (i.e. the fibres scatter laterally, increasing the signal), and dark
plies corresponding to plies where the fibres are orthogonal to the
beam (i.e. the fibres scatter up and/or down, not affecting the signal).
The damage in the sample is clearly visible in all three channels, and
it can be observed that the damage propagated in a cone shape from
the point of impact through the thickness of the sample. The indent
can be seen in the attenuation images as the intensity of the sample
there is brighter due to the displaced material from the impact. The
propagation of the damage is less visible in the differential phase
images, however the displacement of the plies in the damaged area
can still be observed. It should be noted, however, that the XPCi
system used was a low-resolution system which can be improved by
using a skipped mask and/or a higher resolution detector. This was
done for the samples in chapter 5 and 6, where “skipped” masks were

used for improved resolution.

46 CT ElI XPCi and comparison with Ultrasonic Immersion
Imaging
To obtain a better understanding of the damage in the plate in addition
to the ultrasonic imaging and the planar EI XPCi, an EI XPCi CT scan
was performed on the sample. The results obtained from the ultrasonic
C-scans and EI XPCi CT scans are presented as 2D slices taken from
different cross-sections of the sample. For each cross-section, two B-
scans are presented with, respectively, the front and back surface of
the sample facing the transducer, with the front surface containing the
indent, and the back surface the protrusion. Three retrieved signals
(attenuation, differential phase and dark field) are shown for the
matching CT slices. An additional qualitative comparison between the
three image sequences retrieved from the sample’s CT scans was
carried out by merging them as an RGB image, with the attenuation
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images represented by the blue channel, the differential phase images
represented by the green channel, and the dark field images
represented by the red channel. 3D renderings of the CT datasets are
also shown for a complete representation of the areas of interest.
Three sets of figures are shown, one from an undamaged area of the
sample, one showing a delamination across the sample, and one from

the most severely damaged part of the sample.

4.6.1 Undamaged Area
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Figure 4-9 Undamaged area of sample: ultrasonic B-scan with (a) front surface
(indent) and (b) back surface (protrusion) facing the transducer (colour scale signal
voltage in volts); (c) position of B-scans and cross sections within the sample; 2D
cross-section of retrieved X-ray (d) attenuation, (e) differential phase, (f) dark field
CT reconstructions; 3D rendering of the sample for retrieved (g) attenuation, (h)
differential phase, (i) dark field; (j) superposition of the retrieved EI XPCi CT images
with attenuation (blue), differential phase (green), dark field (red).

The images for an undamaged area of the sample taken using
immersion ultrasonic C-scan imaging and El XPCi CT are shown in
Fig. 4-9. The ultrasonic B-scans (Fig. 4-9(a) and (b)) and the X-ray
images (Fig. 4-9(d) to (f)) show reasonably uniform ply layers. The
ultrasonic B-scan images show strong reflection from the surface and
back wall, with weaker reflections from the inner plies. Due to surface

unevenness, the reflection from the front (impact side, Fig. 4-9(a)) is
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larger and more irregular than that from the back surface (Fig. 4-9(b)).
The reflections from the inner plies in both B-scans indicate
reasonably homogeneous and aligned plies, but potentially with some
waviness. The matching X-ray attenuation CT slice (Fig. 4-9(d)) shows
contrast due to the cross-ply layup of the sample, with regular plies
visible. The contrast can be enhanced (Fig. 4-9(g)) for the uneven
sample surfaces to be observed better. Plies are clearly defined, with
a signal from the ply interfaces visible in the differential phase image
(Fig. 4-9(e)), with the intensity of the intra-ply area matching the
background grayscale. This points toward a homogeneous distribution
of plies and ply alignment. This homogeneity is more clearly visible in
the 3D rendering of the differential phase signal in Fig. 4-9(h), where
the contrast was adjusted to highlight the interfaces in the sample,
resulting in a strong signal from the surfaces of the sample and a lack
of signal from the intraply area within the sample. The only visible
signal is due to the impact damage at the centre of the sample, which
has only become visible due to the lack of signal from the undamaged
area of the sample, as opposed to the inhomogeneities from the ply
structure. The dark field images (Fig. 4-9(f) and (i)) show clear signals
from the ply layer interfaces, suggesting small, sub-pixel
inhomogeneity. Fig. 4-9(e) and (f) show some imaging artefacts in the
CT reconstruction at the specimen edges due to the specimen shape.
The 3 X-ray retrieved images were superimposed in Fig. 4-9(j) to
highlight the complementarity of the signals. For the undamaged part
of the sample, the edges are clearly visible, and an indication of the
ply layers can be observed from the attenuation (blue) and dark field

signal (red).
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4.6.2 Delamination
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Figure 4-10 Delamination: ultrasonic B-scan with (a) front surface (indent)
and (b) back surface (protrusion) facing the transducer (colour scale signal
voltage in volts); (c) position of B-scans and cross sections within the sample;
cross-section of retrieved X- ray (d) attenuation, (e) differential phase, (f) dark
field CT reconstructions; 3D rendering of the sample for retrieved (g)
attenuation, (h) differential phase, (i) dark field; (j) superposition of the
retrieved EI XPCi CT images with attenuation (blue), differential phase
(green), dark field (red).

Fig. 4-10 shows a cross-section about 5 mm from the impact centre,
where no indent can be observed. Delamination is detected by the
ultrasonic B-scan and X-ray images close to the bottom of the sample.
The delamination was localized between plies 14 and 15 from the X-
ray images, in agreement with the ultrasonic B-scan images, as the
first reflection from the delamination in both scans was found to be
approximately 0.3 mm from the back surface of the sample, which
corresponds to the thickness of the two plies. The delamination was
easily detected in the B-scans from the strong reflection observed (Fig.
4-10(a) and (b)), as is characteristic of that type of damage [7]. This
was initially not as evident in the X-ray images, until they were overlaid
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in Fig 4-10(j). From the X-ray retrievals, the delamination length at that
location was measured to be approximately 5 mm in length from the
attenuation and differential phase images. This was in good
agreement with the measurement of approximately 5.5 mm from the
ultrasonic B-scans, considering the system resolution (0.2mm step

size).

In the slices and the 3D rendering of the X-ray images, the
delamination is visible in all three retrievals, with the attenuation
images showing a separation between the plies (Fig. 4-10(d), with
stretched contrast in Fig. 4-10(g)). A strong signal is observed in the
differential phase retrieval (Fig. 4-10(e) and (h)) due to the interface
created between the delamination and the neighbouring plies. A strong
dark field signal is also observed around the delamination (Fig. 4-10(f)
and (i)), indicating the presence of the sub-pixel damage. Identification
of the features observed in the dark field signal is not directly
achievable, but it could indicate that either the delamination (ply-
separation) extends further than observed in the attenuation and
differential phase signal (Fig. 4-10(j)), or additional micro-damage,
e.g., debonding, micro-matrix cracks, or fibre damage. These features
are better visible in the 3D renderings shown in Fig. 4-10(h) and (i)
with enhanced contrast to highlight the interfaces of the delamination
in the differential phase signal and the surrounding damage in the dark
field image, respectively. These micro-features are unique to the dark
field signal and offer a more accurate representation of the possible
damage extent, which could not be observed in the other signals due
to the scale of those features. The complementarity of the dark field
signal allows to observe features of different magnitudes and nature
and thus to better understand the defects present in the sample.

The 2-dimensional cuts through the 3D rendering of the X-ray signals
(Fig. 4-11) show that the delamination is not complete, but is shaped
as a ring around the impact damage which pushed the central part of
the specimen downwards and caused the protrusion. The differential
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phase and dark field renderings show smaller interfaces and
delaminations within the protrusion, in addition to the main

delamination.

Figure 4-11 2-directional cut through 3D rendering showing the shape of the
delamination around the main impact damage in the retrieved X-ray (a) attenuation,

(b) differential phase, and (c) dark field signals.

4.6.3 Center of Damage

The impact caused damage across the sample, as can be seen from
both the ultrasonic B-scans (Fig. 4-12(a) and (b)), and the X-ray
images across the impact centre. The ultrasonic B-scans exhibit one
of the limitations of ultrasonic testing for damage detection in
composite plates. The indented front surface and protrusion cause
strong reflections and scattering, potentially causing internal defects
being missed due to lack of signal past the damage closest to the
surface. An example of such a situation is observed here, where a
crack across the thickness of the sample was only observed in the X-
ray images (Fig. 4-12). The macro-crack was observed in all three X-
ray retrievals, however they indicate different features; the attenuation

CT slice (Fig. 4-12(d)) shows clear damage in the sample, with the
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crack and further damage better visible with enhanced contrast (Fig.
4-12(g)). The differential phase signal (Fig. 4-12(e) and (h)) highlights
the interface of the crack through the sample, whereas the dark field
signal (Fig. 4-12(f) and (i)) indicates further micro-damage in the
sample surrounding the crack. This level of accuracy in the
measurement of the damage extent is unachievable using ultrasonic
imaging or conventional attenuation-based CT alone, represented

here by the retrieved attenuation images (Fig. 4-12(d)).

Figure 4-12 Center of damage: ultrasonic B-scan with (a) front surface (indent) and
(b) back surface (protrusion) facing the transducer (colour scale signal voltage in
volts); (c) position of B-scans and cross sections within the sample; cross-section of
retrieved X-ray (d) attenuation, (e) differential phase, (f) dark field CT
reconstructions; 3D rendering of the sample for retrieved (g) attenuation, (h)
differential phase, (i) dark field; (j) superposition of the retrieved EI XPCi CT images
with attenuation (blue), differential phase (green), dark field (red); (k) zoom impact

damage.
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Moreover, a clear dark field signal can be observed throughout the
damaged area of the sample. The presence of signal in the different
retrievals indicates the presence of different types of damage (Fig. 4-
12(j)). The signal in the differential phase images is due to the small
voids created by the separation of plies in the inter-ply area originating
from the material being displaced when the damage occurred, as
shown in Fig. 4-12(k). The dark field signal is due to the micro-damage
that occurs within the plies due to the material displacement. The
multimodal imaging of the sample, as well as the superposition of all
three retrievals in an RBG image, as shown in Fig. 4-12(j) and (k), thus
allows locating and clearly visualising the damage, as well as
identifying the scale of damage involved. Refraction and scattering
images provide a more accurate representation of the extent of the
damage, which complements the information available from the

absorption and ultrasonic images.

4.7 High-Resolution X-Ray CT imaging

The features observed in the EI XPCi signals were compared to a high-
resolution X-ray CT scan performed using a commercial system with
voxel size of 14um3, as shown in Fig. 4-13. The higher resolution
attenuation CT scan (Fig. 4-13(b)) confirms the features observed
from the lower resolution differential phase, and dark field signals. This
is more clearly visible in Fig. 4-13(c) and(d), where respectively the
differential phase and dark field signals were superimposed on the
high-resolution attenuation scan. The interfaces and delaminations
observed in the differential phase signal are confirmed by the high-
resolution scan (Fig. 4-13(c) arrows). The presence and extent of
those interfaces confirm the interpretation as to the nature of the
differential phase signal. Small voids created between the plies, not
visible in the low-resolution attenuation scan (Fig. 4-13(a)), became
visible in the high-resolution attenuation scan (Fig. 4-13(b)), and match
the superimposed dark field signal (Fig. 4-13(d)).
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Figure 4-13 Comparison of CT slices showing crack observed in the sample for (a)
low resolution attenuation scan; (b) high resolution attenuation scan using a
commercial system; superposition of the high-resolution attenuation scan with (c)
low resolution differential phase signal (green) and with (d) low resolution dark field
signal (red). White arrows representing features observed in the phase based
signals and confirmed using the high resolution X-ray CT, nominally the interlaminar
separations in the damaged area observed in the differential phase signal (c) and
the extent of the delamination observed in the dark field signal (d),

The dark field signal extends beyond the damage visible in the high-
resolution scan in certain areas, suggesting that an even higher
resolution scan would be needed to observe these features to their full
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extent. This confirms our hypothesis that the dark field signal indicates
micro-damage at a scale below the resolution of the imaging system.

4.8 Conclusions

A severely impacted CFRP was used for the evaluation of damage
using different NDE techniques. The main, severe indent was
accompanied by a range of adjacent damages on smaller and
intermediate scales, offering the possibility to localise and differentiate
between defects of different size and severity using the ElI XPCi
contrast channels, highlighting their complementarity. Further
research should be conducted to benchmark the sensitivity of EI XPCi
for the detection of small defects, e.g., using a sample with BVID.

An ultrasonic investigation was carried to evaluate the best frequency
needed to assess the damage in a severely damaged CFRP. Three
different frequencies were used, resulting in a 20MHz focussed
transducer yielding the best results, as it offered better resolution than
an unfocussed 10Hz transducer, and detected the same extent of
damage as a focussed 30MHz transducer, with less signal attenuation.
A delamination was observed to surround the main damage area using
double through transmission C-scan imaging and located within the
thickness of the sample using B-scan imaging. A qualitative
comparison between ultrasonic immersion C-scan imaging and El
XPCi images was performed on a small, cross-ply composite sample
with severe impact damage to investigate the different features
observable using the two imaging techniques. Standard ultrasonic
immersion C-scan imaging allowed the detection and sizing of the
overall damage, using both B-scans and C-scans time-gated at
different areas of the sample thickness. The delamination close to the
bottom layer was accurately sized with good contrast from the C-scans
(Fig. 4-2). However, two main limitations of ultrasonic scanning were
observed. Good penetration depth and a clear reflection of the
respective back wall was seen, but the chosen ultrasonic frequency
(20 MHz) corresponded to a wavelength comparable to the ply layer
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thickness. Together with a non-smooth sample surface, this made an
accurate measurement of ply layer thickness and waviness difficult.
The second limitation can be seen in Fig. 10(a) and (b), and Fig. 12(a)
and (b), where strong reflections at large defects (e.g., delamination)
prevented the detection of additional, internal defects.

El XPCi resolves some of these limitations by offering a higher
resolution as well as visualisation of the full sample. The multimodal
imaging using ElI XPCi allowed for the retrieval of attenuation,
differential phase, and dark field images. Planar images allowed to
assess the damage to a comparable extent to the ultrasonic imaging
(Fig. 4-7 and 4-8), with a square shaped damage observed in the
phase-based signals, that were not observed in the attenuation
images or the ultrasonic imaging. Even though the area of damage
detected by the double through transmission ultrasonic imaging was
larger than the area observed by the planar EI XPCi, the shape and
scale of the damage was better identified using the phase-based
signals of EI XPCi. The improved resolution of the system allowed for
a better visualisation of the different plies within the sample, which
could not be achieved using ultrasonic imaging. However, the planar
El XPCiimages did not allow for the localisation of the damage through
the depth of the plate.

El XPCi CT was used for the detection of internal defects and features
that are not visible using ultrasonic imaging or planar x-ray imaging,
more specifically in this case, a crack through the thickness of the
sample (Fig. 4-12). The multimodal imaging using El XPCi, resulting
in the retrieval the three signal channels, contributes to the
identification of the defects occurring in the damaged area. The
differential phase signal highlights interfaces due to the separation of
plies (small voids and delaminations), and the dark field signal
corresponds to sub-pixel features which indicate micro-damage
accompanying the main defects. Combining the features observed
from the different X-ray retrievals, an accurate estimation of the
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damage extent can be obtained from a low-resolution system relative
to ultrasonic imaging or higher resolution conventional X-ray CT.
Based on the physics of the different signals, some assessment of the
detected damage type can be obtained, but below the system
resolution only the presence of damage can be obtained from the
scattering signal, not its nature — other than it takes place on a length

scale smaller than the system’s resolution.
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5 Contrast Agent X-ray Imaging for Damage
Detection compared with ElI XPCi and

Ultrasound

5.1 Introduction

This chapter follows up from the benchmarking of Chapter 4 and
presents a comparison between planar EI XPCi and Ultrasonic
immersion C-scan imaging with contrast agent X-ray imaging, another
common NDE technique used for damage detection in composite
plates. A composite plate sample with severe impact damage was
imaged for an investigation of the type, extent, and location of the
damage in the plate. In the first part of this chapter, the images of the
sample from each of the imaging techniques are shown, along with a
description of the damage observed. The second part of this chapter
aims to compare the damage detection capabilities of each imaging
technique by overlaying the images, discussing which types of defects
are observed and to what extent, as well as their observed limitations.
Part of the analysis presented in this chapter was submitted to
Composite Structures in a paper entitled “A Comparison between
Edge lllumination X-Ray Phase Contrast Imaging, X-ray Contrast
Agents and Ultrasonic Immersion C-scan Imaging for Damage

Detection in Composite Plates” (under peer-review).

5.2 Specimen

The specimen used in this investigation was produced by the
University of Sheffield using conventional layup and autoclave
method. The pre-preg was manufactured using carbon-fibre Tenax
HTS (65%) pre-impregnated with Cytec 977-2 epoxy resin (35%). The
250 um thick plies were layered symmetrically in a [0,90] sequence of
8 plies in total, forming a 2 mm thick panel. A flexible printed circuit
board made of polymide film was placed between the 7" and 8" plies.

This film was used to measure electrical resistance, for a previous
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study at the University of Sheffield. Impact damage was induced in the
plate using a hemispherical 1 kg mass of 15 mm in diameter, which
was dropped onto the plate from a height of 0.75 m, resulting in an
impact energy of 7.4 J [138,161]. A small crack and indentation are
visible on the surface of the composite plate due to the impact, as seen
in Fig. 5-1.
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Figure 5-1 Photograph of cross-ply composite sample, 8 plies of [0,90] with a mid-
plane symmetry, with close-up on impact damage in plate (right), induced using a

hemispherical object dropped with impact energy of 7.4J.

An ROI of 20*20 mm? was delimited around the visible indentation

using reflective tape to be used as markers for all imaging methods.

5.3 Experimental Methods
The composite plate specimen was imaged using ultrasonic
immersion C-scan imaging and El XPCi as explained in Chapter 3.3.1,

as well as with contrast agent X-ray imaging.

5.3.1 Immersion Ultrasonic C-scan Imaging

The sample was imaged using ultrasonic immersion double-through
transmission, similar to the way the Nikon sample was imaged as
discussed in Chapter 4. A 15 MHz focussed transducer was used to
scan the sample in water, with a %4 inch (6 mm) diameter and a focal
length, Fz, of % inch (19 mm). A scan of 131 by 181 steps was taken,
with a step size of 250 ym, covering an area of 32.75*45.25 mm?, and
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a resulting scanning time of about 8 hours. The full A-scans of the
reflections obtained from the sample scans were recorded and
processed offline in Matlab, to produce both B- and C-scans of the

sample to evaluate the damage detected.

5.3.2 Edge lllumination X-ray Phase Contrast Imaging

The Edge lllumination XPCi system described in Chapter 3.4.1 was
used for the image acquisition of the composite plate. The images
were acquired using the “skipped” masks system. The image
acquisition included 19 points on the illumination curve, with 9 taken
on either side of the curve and one at the top, where both masks are
perfectly aligned. 5 images of 1.2 s exposure were taken at each point
of the IC for a total exposure time of 6 s, to increase image statistics.
The sample was also dithered 16 times, by moving it by 4 ym along
the x-axis at each dithering step. Since the system was only sensitive
to phase effects in the x-direction, the sample was scanned twice, in
both 0" and 90° orientations, and images combining both orientations
were obtained by subtraction (for the differential phase and dark field
channels), using the reflective tape markers as reference. This
removes the common background and highlights the relevant signal
(e.g., cracks) with sensitivity in both orientations. For the attenuation
channel, the two images were combined using alpha blending, which
is a process allowing to combine one image with the other using partial
transparency [162].

The retrieval of the attenuation, differential phase and dark field signal
was done with a different method from that described in Chapter 3.4.2.
Due to the relation between the attenuation signal and the dark field
signal, the three Gaussians retrieval method described in the
methodology chapter led to a “spill-over” of the dark field signal into
the attenuation channel. This artefact was first observed when the two

attenuation images from the different orientation scans were
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compared, and different features were observed in the two images, as
shown in Fig 5-2.

Figure 5-2 Different orientations of the attenuation channel from El XPCi scan: 0’
(a) and 90° (b), with red arrows pointing to artefacts visible in only one orientation.
The 90° image (b) was rotated to show the sample orientation as the 0° image. Mask

lines are visible in both images, corrected post retrieval (see section 3.6.1).

As can be seen from Fig. 5-2, several features are more prominent or
only visible in one of the orientations, with a large vertical crack only
visible in the 0° scan, and multiple horizontal cracks only visible in the
90° scan. The periodic lines observed in both images are mask lines
artefacts and will be discussed later (Chapter 5.3.4). To account for
the relation between the attenuation and dark field signal and separate
the two channels better, a different retrieval approach was used, in
which a normalised Gaussian is fitted to the beam distribution, using
Equation 5-1:

—(x — ? (5-1)

A
60 = e (—5 )

The addition of the variance parameter to the normalisation coefficient
allows for a better fit of the different coefficients of the Gaussian, and

for a better separation of the attenuation and dark field signals.
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Furthermore, in this retrieval a single Gaussian was fitted instead of
three. This did not affect the quality of the retrieval as the three
Gaussians fit was aimed at correcting the effect of the cross-talk
between neighbouring pixels, which was already rectified in this
system by the use of skipped masks. The use of a normalised
Gaussian corrected the dark field signal artefact in the attenuation
images to a certain degree. This was checked by subtracting the
attenuation images acquired in the two orientations, as the attenuation
channel is not directional and should therefore yield the same image
regardless of sample orientation. It was observed that some of the
features were still more in one orientation with respect to the other,
indicating some residual dark field signal spillover, but to a much lower
extent. A reduction of 54% in the intensity of the “spilled over” features
was measured when using the normalised Gaussian retrieval. The
retrieved attenuation, differential phase and dark field images were
corrected using the mask line removal processing tool described in
Chapter 3.6.1, to remove the artefacts created during the image

acquisition.

5.3.3 Contrast Dye X-ray Imaging

The composite sample was soaked in a contrast agent after the El
XPCi images were acquired. The dye used was a zinc iodide (Znlz),
commonly used for damage detection in composite samples when
contrast enhanced radiography is used [94], as described in Chapter
2.5.2. Zinc iodide is soluble both in water and alcohol, and a mixture
of all three components, as well as a wetting agent, was prepared. An
alcohol-based staining was favoured as it allowed for a faster
drying[93]. The preparation of the dye was based on the method
described in [98], where, for 250 g of zinc iodide, 80 ml of distilled
water, 80 ml of isopropanol and 1ml of wetting agent were added to
the mixture. Here, 50 g of zinc iodide were used, requiring the addition
of 16 ml of distilled water, 16 ml of isopropanol and 0.5 ml of wetting
agent. Once the mixture was prepared, the composite was left to soak
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in a container for 24 h. The sample was then removed from the dye
and left to air dry for a further 24 h before being scanned using
conventional radiography. Unfortunately, the original markings around
the damaged area were washed off by the dye, and new markers were
placed around the visible crack, as shown in Fig. 5-1 and 5-3.

Figure 5-3 Preparation of the cross-ply composite plate by soaking in zinc iodide
dye (left) for 24h; sample removed from dye and air dried (middle); new markers

(right) around the visible crack.

The setup used to scan the composite sample with contrast dye was
the El system, with the sample and detector masks removed, which
transforms it into a conventional radiography system. The current had
to be reduced to 10 mA to prevent the detector from saturating;
however, since this was not sufficient, an additional 0.8 mm thick
aluminium filter was positioned in front of the source to reduce the x-
ray flux. The addition of the aluminium filter reduced the photon count
substantially and altered the X-ray spectrum, reducing the fraction of
low energy photons thus resulting in a higher percentage of high
energy ones. The molybdenum source spectra, filtered by 0.8 mm of
aluminium and by the 0.8 mm graphite substrates used in mask
fabrication (to replicate the situation encountered in El XPCIl imaging)

are compared in Fig. 5-4.

Both spectra are dominated by the molybdenum characteristic
emission spectral lines, at 17.5 and 19.6 keV, which leads to a
comparable average energy with both filters, with the EI XPCi system
averaging at 18.0 keV, and the maskless system with the aluminium
filter averaging at 21.9 keV. This notwithstanding, it is expected for the
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contrast achieved by the maskless system to be slightly lower than the
attenuation images of the El XPCi system.
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Figure 5-4 Spectrum of the emitted x-rays with masks’ graphite substrates (black)

and with the addition of an aluminium filter (maskless system) (red).

The acquisition time was adjusted so that the overall photon count for
the EI images and the conventional radiography images were
approximately matching. This was achieved with a total exposure time
of 2.4 s, obtained by summing two 1.2 s images. The images were
then corrected by subtracting a dark image (acquired with the source
turned off) and flat field corrected (divided by a flat field image). The
composite sample was imaged using the maskless system before and
after soaking in the zinc iodide dye, so that both conventional and
contrast-enhanced x-ray imaging could be compared to El XPCI.

5.4 Ultrasonic Imaging

The A-scans obtained from the ultrasonic immersion imaging were
used to produce different types of C-scans, as well as B-scans and a
3D representation of the damage observed within the sample.
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5.4.1 Ultrasonic C-scan imaging

C-scans were produced, showing the front surface of the composite
sample, the lower-surface reflection, the sub-surface reflection,
corresponding to the reflected signal between the front and back
surface, and lastly the double through transmission C-scan,
corresponding to the reflection from the stainless-steel plate placed
below the composite sample. This was achieved by time-gating the
signal around the respective reflections, as for the sample in Chapter
4.4.1, and plotting the positive maximum or negative minimum
amplitudes for each scan point, respectively. Due to some uncertainty
in the time gating of the lower surface, it is possible that some sub-
surface features were included in the lower surface plot and vice versa.
The C-scans in Fig. 5-8 show the scanned area centred around the

damage.
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Figure 5-5 Ultrasonic C-scans of the composite sample showing (a) the surface
reflection, (b) the sub-surface reflection, (c) the lower surface reflection and (d) the

double through transmission C-scan.

The first scan to be analysed was the double through transmission C-

scan (Fig.5-5(d)), as it gives an overall assessment of the damaged
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area within the sample. It shows that the oval shaped damage extends
over an area of approximately 25*15 mm?, with a complete lack of
signal indicating the presence of delaminations. Low reflection areas
are also observed extending throughout the scanned area, and are
thought to indicate the presence of fibre-associated damage across
the plate, as those low amplitude reflections have an appearance that
resembles the sample’s cross-ply structure. From the front surface C-
scan (Fig. 5-5(a)), the cracks visible on the sample surface can be
seen, as well as the surface indentation from the impact. The damage
on the surface covers an area of about 20*5 mm?, with the four
features in the corners of the C-scan corresponding the reflective tape
strips used as markers. Two long cracks can be observed in the lower
part of the surface of the sample, extending from the central
indentation. The sub-surface C-scan (Fig. 5-5(b)) shows the extent of
the damage around the main cracked area. Strong reflections (red) are
observed around the surface cracks (blue) over an area of 25*10 mm?,
showing how the damage extends further within the sample. These
strong reflections could be originating from delaminations around the
main impact area, as observed in the double through transmission C-
scan. Vertical and horizontal features are observed throughout the
scanned area, which are thought to indicate fibre bundles-associated
damage, however this was not confirmed using a different imaging
method. Lastly, the lower surface C-scan (Fig. 5-5(c)) shows the
overall damage across the plate, with a lack of signal (red)
corresponding to damaged areas. The overall main damage is seen to
extend across an area of 25*15 mm?, with some additional features
extending across the entire scanned area. Here too, areas of damage
seem to extend beyond the main area surrounding the indentation,
with lack of reflections visible throughout the scanned area.

5.4.2 Ultrasonic B-scan imaging
To further analyse the damage and localize it through the thickness of
the plate, B-scans were generated using the estimated velocity in the
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sample to convert reflection time to depth, looking at cross-sectional
cuts at different locations in the plate.
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Figure 5-6 B-scans slicing through the damaged area at different locations showing
the internal damage, taken at (a) 8.75 mm, (b) 17.5 mm, (c) 21.25 mm and (d) 28
mm from the top of the C-scan (top left).

The B-scans show the location of the damage within the sample and
allow an understanding of how the defects propagated. At the top of
the imaged area (Fig.5-6(a)), where the surface crack starts to form, a
delamination can be observed from the strong reflections on either
side of the crack, at 1mm depth from the surface, about 5 mm in length.
From the B-scans at other locations of the damaged area (Fig. 5-6(b)),
the strong reflections are observed at larger depths and are wider,
about 15 mm in length. This could indicate that multiple, smaller
delaminations have spread between different ply layers, due to the
severity of the damage [163]. This is further confirmed by Fig. 5-6(c),
where strong reflections are observed across several plies, but at a
depth similar to the delamination observed in Fig. 5-6(a). The
delamination extends beyond the surface damage, as can be seen
from Fig. 5-6(d) in which, while the surface damage is no longer visible,
the reflection from the delamination is still detected.
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The A-scans of the composite sample were used to create a 3D
rendering of the sample, showing the damage propagation through the
whole scanned area, as shown in Fig. 5-7. This was done by
thresholding the signal to only keep the strongest reflections, which
correspond to reflections from the first plies and inner defects. The
signal was then plotted using a 3D visualisation tool in Matlab. The
maximum amplitudes rendering, which highlights the highest
amplitudes across the whole volume, was also added as it enables a
better visualisation of the damage within the sample.
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Figure 5-7 3D rendering of the ultrasonic immersion through transmission scan,
showing strong reflections throughout the thickness of the sample in different

orientations (a, b) as well as the maximum amplitude for each A-scan (c,d).

The propagation of the damage is clearly visible through the 3D
rendering of the ultrasonic signal. The delaminations formed across
different plies, propagating from the impact point and through the
thickness of the sample, become wider with depth. This visualisation
complements the observations made from the C-scans and the B-

scans.
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5.5 Contrast Dye compared to conventional X-ray imaging

The sample was imaged with the “maskless” ElI XPCi system
(corresponding to standard attenuation-based X-ray imaging) both
with and without the contrast dye (Znl2), with the results shown in Fig.
5-8. The attenuation channel from the El XPCi system is also shown
here for comparison, so that attenuation images obtained with all three
approaches can be compared directly.
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Figure 5-8 Attenuation images of the damaged areas of the composite sample
without (a) and with (b) the Znlz contrast dye, and the attenuation channel retrieved
from EI XPCi (c). The blue arrow (a) points toward the main crack in the attenuation
image without contrast dye, which is barely visible.

As can be observed, the use of contrast agent for conventional
radiography significantly improves the contrast of the damage features
and shows a much greater extent of the damage compared to the
standard attenuation image. While in the attenuation image without
contrast agent only a single vertical crack is faintly visible, the
penetration of the highly attenuating contrast agent allows for the
network of cracks to become visible, showing the two main vertical
cracks previously observed in the ultrasonic C-scan images, along
with smaller horizontal cracks surrounding the main impact area. The
El XPCi attenuation image shows the same vertical crack observed in
the maskless attenuation image, with a better resolution. This is
expected as the dithering of the EI XPCi scan allows to obtain a
resolution equal to the sample mask aperture [157,164], i.e. 12 ym,
compared with the conventional attenuation scan which has a

resolution driven by the detector performance, i.e. 100 pm.

114



Additionally, the contrast of the ElI XPCi attenuation image is also
relatively higher than that of the maskless scan due to the additional
beam filtration in the latter case. Furthermore, some features are also
more pronounced in the El XPCi attenuation image due to the dark
field signal spillover mentioned earlier.

(a) (b)
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Figure 5-9 Combined images from two orthogonal orientations of the El XPCi
differential phase (a) and dark field (b) signal, showing sensitivity in both the x- and
y-directions, and an overlay of the differential phase (red) and dark field (green)
signals (c), with an additional zoom-in of a severely damaged area with interlaminar

cracks, showing complementarity between the two signals.

The differential phase and dark field images were retrieved for both
the 0° and 90° scans, and an image overlaying both orientations was
produced to have sensitivity along both the x- and y-direction, as
shown in Figure 5-9. An additional overlay of the differential phase and

dark field signal shows the different features observed in both signals.
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A clear network of cracks spreading from the point of impact can be
observed in both the differential phase and dark field images, which
was not observed in the ultrasonic imaging. Two main vertical cracks
can be observed, which were also visible in the ultrasonic C-scan (Fig.
5-9(a)), called axial splits, and a series of large horizontal cracks
around the impact point area, traditionally called matrix cracks, with
additional smaller cracks propagating from the larger defects. Both
types of cracks are known to trigger the formation of delamination in
CFRPs. From the overlay of the two signals shown in Fig. 5-9(c), the
contributions from the differential phase (red) and dark field (green)
signals can be appreciated. As was previously shown in [165], the
presence of signal in either differential phase or dark field reflects the
different scales of the defects, with predominately red areas indicating
that the cracks are of a scale equal to or above the system resolution
(12 pm), while predominantly green areas indicate the presence of
micro-cracks on a smaller scale (<12 ym). It can be observed that
some cracks only show up in the differential phase signal, indicating
that no micro-damage is accompanying them, while some larger
cracks are surrounded by dark-field signal, suggesting that additional
micro-cracks are emerging from the main crack. Additionally, some of
the cracks observed are only visible in the dark field signal, indicating
the presence of very fine micro-cracks. This complementarity between
the differential phase and dark field signal allows a better
understanding of the spread of the damage, as well as of the scale of
the cracks, providing hints on the progression of the damage across
the plate.

5.6 Comparisons of all Imaging Techniques

To compare the extent of detected damage across all X-ray imaging
techniques, the two phase-based X-ray signals were overlayed on the
contrast dye attenuation image, as shown in Fig. 5-10. The images
were overlaid using the two vertical cracks as markers, since the

reflective tape markers were washed away and had to be replaced. As
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can be seen from Fig. 5-10, the extent of damage detected by EI XPCi
is larger than that observed with the contrast dye. This is because the
contrast agent can only enhance the features where it penetrated, i.e.,
if no direct path exists between a feature and the impact point, the
contrast agent cannot reach it, thus leaving it undetectable. Several
long cracks were detected in the differential phase signal, but were
barely or not at all visible in the contrast dye images; these are
highlighted with the blue arrows in Fig. 5-10(b). Additional features
detected by the dark field but not by the differential phase signal are
highlighted by the purple arrows in Fig. 5-10(c), corresponding to

micro-cracks of a scale smaller than the system resolution.

k

(b)

Figure 5-10 Znl. contrast agent attenuation image (a) with an overlay of the

differential phase signal (b) in red and of the dark field signal (c) in green.

This shows that ElI XPCi can give a better estimation of the damage
extent in the sample than conventional radiography even when this is

enhanced with contrast agents. An additional advantage of El XPCi is
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the dark field signal, which complements the differential phase signal
by allowing an estimation of the damage extent on a scale below the

system resolution.

An additional comparison was done between the different X-ray
imaging techniques and the ultrasonic C-scan imaging, by overlaying
the contrast agent X-ray image (Fig. 5-10(a)), as well as the overlay of
the differential phase and dark field images (Fig 5-9(c)), with the back-
surface ultrasonic C-scan, shown in Fig. 5-11.

Figure 5-11 Overlay of the contrast agent X-ray image (a) and of the combined

differential phase and dark field signals (b) on the ultrasonic back-surface C-scan

The overlay of the contrast agent X-ray imaging and the ultrasonic
lower surface C-scan show an almost perfect match, with the extent of
the damage detected by the X-ray comparable to the extent observed
by the ultrasonic C-scan. Moreover, from the overlay of the differential
phase and dark field signal X-ray image (Fig. 5-9(c)) with the lower
surface C-scan (Fig. 5-11(b)), the two main, vertical cracks at the
centre of the impact area match the damage observed with ultrasound.
However, the individual horizontal cracks detected by EI XPCi are not
visible in the ultrasonic imaging. The extent of the damage observed
from the EI XPCi signals is in general similar to the extent observed in
the ultrasonic images (i.e., an area of 25*15 mm?). However, a number

of the horizontal cracks observed in the differential phase and dark
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field signal (black arrows in Fig. 5-11(d)) extend up to 5 mm further,
showing damage extending beyond the boundaries detected by the
ultrasound. It should be noted that neither of the X-ray imaging
methods could detect the delamination observed in the ultrasonic
imaging, thus showing the necessity of using multiple techniques for a
complete assessment of the damage in the sample.

5.7 Conclusions

El XPCi was used to image a CFRP plate with impact damage and
compared to both ultrasonic immersion C-scanning and contrast
agent-enhanced X-ray imaging, two standard methods for damage
assessment. The main limitation of contrast agent X-ray imaging is the
need for a direct path between the point of impact and the peripheral
damage features, to allow for the contrast agent to reach a certain
feature. This limitation is avoided in El XPCi, which only relies on the
presence of interfaces in the sample, in this case created by the
impact. The dark field signal offers complementarity to the differential
phase signal as it originates from features in the sub-pixel scale.
Further micro-cracks were detected in the sample, and a rough
estimate can be provided on the relative scale of the different damage
features.

The refraction and dark field signals provided by El XPCi were shown
to detect cracks to a larger extent and with more detail than Znl>
contrast agent X-ray attenuation and ultrasonic immersion C-scan
imaging. The use of ultrasonic imaging, however, is still needed as
neither of the planar X-ray imaging methods could detect the
delamination observed in the ultrasonic double through transmission
scan. Delaminations cause slow and progressive density gradients in
directions along the plate, which do not translate into noticeable X-ray
refraction effects. While this applies only to projection (2D) imaging
where the X-rays are orthogonal to the plate and could probably be
solved by full (CT) or partial (laminography) 3D approaches, it
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indicates a need to use El XPClI in conjunction with ultrasonic imaging
where only 2D projection imaging is possible (e.g., fast scanning on
production lines).
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6 Quantification of porosity in woven fibre
composite plates using ultrasonic signal
attenuation and EI XPCi

6.1 Introduction

This chapter presents the quantification of porosity in woven CFRP
plates manufactured using an autoclave cure. The porosity was
quantified by the University of Manchester using matrix digestion and
ultrasonic imaging. In this chapter, both ultrasonic through
transmission imaging and planar ElI XPCi were used to quantify the
porosity in the plates and compare them to the values obtained from
matrix digestion. A new approach was introduced, using the standard
deviation of the differential phase signal to quantify the porosity in the
plates for features of a scale equal to or above the system resolution.
The aim of this chapter was to investigate EI XPCi as a viable method
for the quantification of porosity in composite plates, in addition to its
already proven viability for damage detection. The first part of this
chapter includes the ultrasonic analysis and porosity quantification
using different transducer frequencies. The second part of this chapter
introduces El XPCi, with the dark field signal and the standard
deviation of the differential phase showing a correlation with porosity
values from matrix digestion. The result sections of this chapter have
been submitted as a paper entitled “Quantification of Porosity in
Woven Fibre Reinforced Composite Plates using Edge lllumination X-
Ray Phase Contrast Imaging and Ultrasonic Attenuation” to
Composites Part A (under-review) (6.5-6.8), and partly reported in the
the proceedings paper “Composite Porosity Characterization using X-
ray Edge lllumination Phase Contrast imaging and ultrasonic
techniques” [166](6.9).
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6.2 Specimens

A series of specimens, consisting of 9 plates, were provided by the
National Composites Certification and Evaluation Facility (NCCEF) at
the University of Manchester, initially manufactured for a different
project led by Rolls Royce, along with the measured porosity values
for each sample plate. Nine panels of dimensions 240mm by 160mm
with a 10-ply cross ply woven structure were manufactured, with a
layup of M21 epoxy-carbon woven fabric prepeg plies as per Rolls
Royce instructions, using an autoclave cure. The manufacturing of the
specimen at Manchester was achieved using the autoclave cure
procedure recommended by Hexcel[167]: pressurised to 7 bar, heated
at 2°C/min, cure dwell at 180°C for 120 min. Then, specimens were
cooled down at 5°C/min, depressurised when below 60°C, all under
100% vacuum for the entire duration of the cure. Each manufactured
panel underwent this cure with different variations of the pressure,
heating rate, and intermediate dwell to introduce varying degrees of
porosity. These variations included the introduction of a debulking of
the panels for different amount of time every few plies during the ply
lay-up, or no debulk at all, allowing for edge breathing in some of the
panels, leaving the panel in vacuum prior to the cure for different
lengths of time, introducing variations in the autoclave pressure (0.5 to
7 bar), as well as variations in the heating temperature profile. One of
the samples, with porosity values of 1.55%, was manufactured
differently to the other plates: Instead of creating a single panel of size
240*190 mm?, containing both the 10 plies laminate on one side and
the laminate with the adhesive film on the other, two sub-panels of
dimensions 120*190 mm? were created, one for the 10 plies laminate
and another for the laminate with the adhesive film. Four specimens
of 100*50 mm? were then extracted from each panel. In this study, the
lower left extracted woven specimens were made available and thus
investigated (specimen X-1-1, see Fig. 6-1). A photo of a specimen is

shown in Fig. 6-2.
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Figure 6-1 Example of sample extraction of the porosity plates[168].

Figure 6-2 Specimen 1_1_1 (0.7% porosity); 10 plies woven composite plate,
100x500mm.

In addition to the specimens extracted from the plates, a further six
sub-specimens were extracted from the centre strip of each of the
panels, three from each type of composite layup, as shown in Fig. 6-
1. These 20*10 mm? sub-specimens were used for the destructive
matrix digestion analysis [169] to determine the porosity content in the
plates. The matrix digestion (ASTM D3171 Procedure B, BS ISO
14127:2008)[170] was carried out for void content calculations using
a nominal density of 1.28 g/cm? for the matrix and 1.78 g/cm? for the
fibres on all 54 sub-specimens, and used to estimate the average
porosity of the extracted specimens. The calculated porosity values
were 0.7%, 0.9%, 0.9% 1.3%, 1.5%, 3.9%, 5.9%, 6.6%, 10.7%[168].
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The thickness of the samples was measured across all samples as
well as within each of the samples. It was found that the samples had
an average thickness of 3.1 mm, ranging between 2.8 mm and 3.5 mm

across all plates.

An NDT evaluation was also carried out at the University of
Manchester on the 9 panels prior to the specimens’ extraction using
ultrasonic through transmission C-scan imaging with S5MHz
transmitter/receiver transducers. This analysis was used to correlate
the average ultrasonic attenuation to the porosity content calculated
from the matrix digestion and is shown in the results section of this

chapter along with our own ultrasonic analysis.

Figure 6-3 ROI selection for porosity plates of dimensions 15mm*15mm, with
corresponding X-ray scans done around the edges of the specimens delimited in
blue.

Due to restrictions from the X-ray field of view, as well as the need of
a background area in the images for normalisation, the plates were
split into 18 regions of interest (ROIs) of dimensions 15*15 mm?
around the edges of the plate, which were imaged using 10 planar
scans, resulting in 75% of the sample being imaged. The ROIs were
delimited using reflective tape, which served as a marker visible in
ultrasound and in all three channels of the X-ray imaging. The ROI
selection and corresponding scanned areas are shown in Fig. 6-3.
Each ROI was then analysed individually from the X-ray images and
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was quantitatively compared to the corresponding ultrasonic signal
obtained from the complete specimens’ scans.

6.3 Experimental Setup

The nine woven composite specimens were scanned using ultrasonic
through transmission C-scan imaging and Edge lllumination X-ray
Phase Contrast imaging as explained in Chapter 3.

6.3.1 Ultrasonic Imaging

The ultrasonic single through transmission imaging method, described
in Chapter 3.3.2, was used for the porosity specimens, as the
presence of porosity leads to an attenuation of the signal, scattered by
the pores in the sample[12]. A series of transducers of varying
frequencies were used for comparing the relation between frequency
and signal attenuation. Due to some of the plates being highly porous,
thus strongly attenuating, a lower frequency was initially chosen for the
scanning of the plates to ensure the signal was being transmitted
through the plates. Initially, a 2.5 MHz unfocussed transducer was
used for the first assessment of the plates, and subsequently a
focussed 2.25 MHz transducer for higher resolution scans. Lastly,
once the acquisition process was improved to ensure a sufficient part
of the signal was transmitted through all samples, a 5 MHz focussed
transducer was used for direct comparison with the manufacturer’s

scans.

A couple of unfocussed 25 MHz/2.5 MHz transducers
(Transmitting/Receiving, respectively) were initially used. Both
transducers had a 20 mm nominal diameter and were placed at a
distance equivalent to the near field distance of the transducers. For
the 2.5 MHz transducers, the near field distance was calculated to be
167 mm and the wavelength in water was calculated to be 600 pm
using Equation 3-4. A 2 mm step was chosen for the preliminary scans
of the plates with dimensions 100* 50 mm?, resulting in 61*31 step

scans. The second set of used transducers consisted of a focused
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2.25 MHz (Olympus U8423330) / unfocussed 2.5 MHz. The 2.25 MHz
focussed transducer had a 6.3 mm nominal diameter and a focal
length of 10.2mm. The focal spot diameter was calculated to be 1.5
mm using Equation 3-1 for a wavelength in water of 667um. The plates
were scanned with a 1 mm step size for this transducer, resulting in
121*61 steps scans. The third pair of used transducers were focussed
5 MHz (Olympus U8420169) / focussed 5 MHz (Ultran XL50-5-P3)
transducers. The transmitting 5 MHz transducer (Olympus) had a
nominal diameter of 12.7 mm and a focal length of 19 mm. The focal
spot diameter was calculated to be 650 um for a wavelength in water
of 300 um. The receiving 5 MHz focussed transducer (Ultran) had a
nominal diameter of 13 mm for a focal length of 76 mm. The focal spot
diameter was calculated to be 2.6 mm. The plates were scanned with
a 500 um step size for an overall total of 221*121 steps. Prior to each
sample scan, an “empty” scan (i.e., without sample) of 11*11 steps
was acquired, with a step size of 2 mm in both the y- and z-directions.
This was done to obtain the signal attenuation calculation described in
Chapter 3.3.2, where the average attenuation of the ultrasonic signal
is calculated by comparing the signal in water to the signal through the
sample. The signal attenuation was calculated for the whole plates and
C-scans were produced. Furthermore, the average signal attenuation
over each ROl in the plate was also calculated for direct comparison
with the X-ray images.

6.3.2 Edge lllumination XPCi

The edge illumination imaging setup and related methods described in
Chapter 3.4 was used for the imaging of the porosity specimens. The
system used was identical to the system described in Chapter 5.3.2.
The image acquisition of the planar images included 19 points on the
illumination curve. A longer exposure time was used to increase the
signal, and 5 images of 1.2 s exposure were taken at each sample
mask position and summed together, resulting in 6 s exposure time at
each step. The samples were dithered 16 times, moving them by 4 ym
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at each dithering step to reach a resolution in the x-direction
determined by the sample mask aperture[157], i.e. 12 um. The
resolution in the y-direction was determined by the detector
performance, i.e., 100 uym. The retrieval of the images was done using
the three Gaussians method described in Chapter 3.4.2. After the
retrieval, the differential phase images were corrected using the
gradient correction processing method described in Chapter 3.6.2.

6.4 Varying Transducer Frequency for Ultrasonic Assessment
of Porosity in CFRP

Three different frequencies were used in this investigation for
comparing ultrasonic signal attenuation to porosity content. C-scans
of the signal attenuation calculated for each of the frequencies used
are shown in Fig. 6-4, along with the C-scans of the plates produced
by the manufacturer using a 5 MHz transducer. Four plates were
chosen out of the nine available, showing different levels of porosity
across the specimens, with 10.7%, 6.6%, 3.4% and 0.7% porosity,
respectively.

In the C-scans provided by the manufacturer, the light grey signal
corresponds to low signal attenuation, i.e., lower porosity whereas the
dark grey areas correspond to high signal attenuation, i.e., higher
porosity levels. The signal distribution for all C-scans was also
provided by the manufacturer and is compared to the 5 MHz
measurements later. The C-scans of the signal attenuation performed
using varying frequencies (2.5 MHz unfocussed, 2.25 MHz focussed
and 5 MHz focussed) are shown on the same colormap scale across
all four plates for each frequency. The resolution was improved, with
the 2.5 MHz unfocussed scan having the largest step size (2 mm). The
step size was reduced to 1 mm step size for the 2.25 MHz focussed
measurement as the beam diameter was considerably reduced when
compared to the unfocussed 2.5 MHz (focal spot diameter of 1.5 mm).
The step size was further reduced to 500 um for the 5 MHz focussed
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transducer, resulting in an improved resolution thanks to both a

smaller focal spot diameter and wavelength.
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Figure 6-4 Ultrasonic signal attenuation C-scans for four plates with varying porosity
and frequencies: 10.7% (a-d), 6.6% (e-h), 3.4% (i-l) and 0.7% (m-p), showing the
manufacturer’s 5MHz C-scan (a, e, I, m), the 2.5 MHz unfocussed transducer C-
scan (b, 1, j, n), the 2.25 MHz focussed transducer scan (c, g, k, o) and 5 MHz
focussed C-scan (d, h, I, p) performed as part of this thesis work for each of the four
plates, respectively.

Very similar features are visible from the comparison across
frequencies for each of the plates. The manufacturer’s step size was
estimated to be approximately 250 ym, hence the features observed
in the 5 MHz focussed C-scans are very similar to those visible in the
manufacturer scans. The gradient in porosity going across all plates is
visible throughout the scans, with specific small areas of high porosity
visible in the two highest porosity plates. In the highest porosity plate
(10.7%), a very high ultrasonic attenuation can be observed across all
frequencies. The porosity is not uniform across the plate, with the
highest porosity concentration observed in the bottom right part of the
plate. For the 5 MHz signal attenuation C-scan, a range of 35 dB was
measured across the plate, which averaged at -39 + 6 dB, the highest
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signal attenuation measured amongst all plates. For the second
highest porosity plate (6.6%), the highest levels of porosity were also
mainly concentrated in the bottom right corner of the plate, which had
an average ultrasonic signal attenuation of -28 + 6 dB for the 5 MHz
scan, with a range of 35 dB. In both high porosity plates, it can be
observed that the porosity features follow the woven pattern of the
plates, as the features seem to follow both horizontal and vertical lines
across the samples. This behaviour is less visible in the 3.4% porosity
plate, where the porosity features seem to be following diagonal lines
across the middle of the plate, but the majority of the porosity features
seem to be more randomly distributed across the plate. The 3.4%
porosity plate had an average signal attenuation of -23 + 1 dB with a
range of 25 dB. The lowest porosity plate (0.71%) had an average
signal attenuation of -14 + 1 dB with a signal range of 10dB, which
points toward a very uniform plate with very little porosity. The yellow
features observed in the plate are due to the reflective tape that was
used as marker for the X-ray acquisitions and are not visible in the
other three plates due to high porosity attenuation.

The average signal attenuation of each of the plate was plotted against
the porosity values calculated from the matrix digestion for each of the
frequencies used, as was the manufacturer’s ultrasonic analysis, as
shown in Fig. 6-5. The porosity values from matrix digestion were used
as the baseline across the entire investigation, and both the ultrasonic

attenuation and X-ray values were compared to those values.

A good correlation was observed between the ultrasonic signal
attenuation and the manufacturer’'s ultrasonic values, and the
calculated porosity values from matrix digestion for all frequencies.
The lowest correlation between the ultrasonic attenuation and the
porosity values was found to be for the manufacturer’s analysis, with
an R? of 0.88. However, since the no details on the used methodology
are known apart from the frequency, it is difficult to understand the
reasons for this. From observation, it appears that the manufacturer’s
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measurement of the highest porosity plate (10.7%) might be incorrect,
as the average attenuation value for that plate is similar to the next two
highest porosity plates (around 20dB), despite the highest porosity
plate having almost twice the porosity. If highest porosity plate were to
be discarded, the manufacturer’s values would have a very good
correlation with the matrix digestion values, with R? = 0.98.
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Figure 6-5 Average ultrasonic signal attenuation for all nine plates at all investigated
frequencies (Red: 2.5MHz unfocussed; Green: 2.26MHz focussed; Magenta: 5MHz
focussed), plus results from the manufacturer’s ultrasound analysis (Blue), plotted
against the porosity content calculated from matrix digestion.

The gradient of the fits for the 2.5 MHz and the focussed 2.25 MHz are
similar, which is to be expected given the similar frequencies between
the two sets of scans. The gradient of the focussed 5 MHz scans can
be approximated to about twice the gradient of the 2.5 MHz, which is
in line with the doubling of the frequency used. The gradient of the
manufacturer's scans was expected to be similar to the 5 MHz
focussed gradient, however it is lower and more similar to the 2.5 MHz
and 2.25 MHz scans gradients. Since the scans parameters of the
manufacturer were unknown, the reason for the discrepancy in the
gradient remain unknown. For the three frequencies measured at
UCL, the correlation increases with the use of focussed transducers
and with the increase in frequency, which is expected as the increase
in frequency leads to a better detection of porosity features. The
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correlation observed from the scans varies from an R2 of 0.92 for the
2.5 MHz unfocussed transducer scans to 0.96 for the 5 MHz focussed
transducer scans, pointing toward a clear relationship between

ultrasonic attenuation and porosity content in those specimens.

The correlations fit best for plates with porosity levels above 2% across
all frequencies, including the manufacturer’s analysis, where however
the 10.7% plate does not fit the correlation either. For the plates with
porosity below 2%, the ultrasonic attenuation values do not correlate
well with porosity content. It was found in literature[171,172] that
ultrasonic attenuation can indeed detect porosity below 2% and a
correlation between the ultrasonic attenuation and porosity content
can be expected, however this is not observed here.

6.5 EIl XPCi for assessment of porosity in CFRP compared to
matrix digestion

Planar images of all nine plates were acquired using the EI XPCi

system. The X-ray attenuation, differential phase and dark field signals

were retrieved, and an ROI from each is shown in Fig. 6-6 for the four

plates previously shown in Fig. 6-4.

The X-ray attenuation images show similar features to the ones
observed in the ultrasonic C-scans images. For the highest porosity
plate (10.7%), both horizontal and vertical features can be observed
throughout the ROlI, indicating that the porosity features follow the
woven pattern of the fibres. These features are also observed in the
second highest porosity plate (6.6%), however in a less pronounced
manner. On top of the features visible along the fibre yarns, additional
randomly distributed features are observed across the ROI. In the mid-
porosity plate (3.4%), the porosity features no longer follow the woven
pattern of the fibre yarns, but are randomly distributed across the ROI.
Lastly, in the low porosity plate (0.7%), no porosity features are
observed in the ROI, which has an overall smooth signal distribution.
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Figure 6-6 Attenuation (top), differential phase (middle) and dark field (bottom)
images of ROIs from four different plates with varying degrees of porosity (left to
right: 10.7%, 6.6%, 3.4%, 0.7%).

The XPCi system is only sensitive to phase effects in the x-direction,
along which it has a resolution of 12 ym, determined by the aperture
size of the sample mask. The resolution in the y-direction is
determined by the detector performance, and approximately equal to
100 um. The differential phase channel highlights the presence of
inhomogeneities by enhancing their interfaces, hence showing the
edges of the inhomogeneities present in the sample. The features
observed in the differential phase signal images complement the
observations made for the attenuation images, and the shape and
structure of the features change from one plate to the other. In the
highest porosity plate (10.7%), very wide vertical structures are visible,
suggesting that the porosity features follow the woven structure of the
plate. Only vertical features are visible, due to the one-dimensional
sensitivity of the signal. Similar to the attenuation images, the vertical
features are also present in the second highest porosity plate (6.6%),

but in a less pronounced manner, and accompanied by additional

132



randomly distributed porosity features across the ROIl. In the mid-
porosity plate (3.4%), smaller, randomly distributed features are
observed across the ROI. Lastly, in the low porosity plate (0.7%), no
porosity features are observed either. The vertical lines appearing in
the ROI are due to the structure of the specimen.

Lastly, in the dark field images of the ROIs, no specific features are
observed for all porosity values. As mentioned above[136,165], the
dark field signal is sensitive to variations in inhomogeneity distribution
on the sub-resolution scale. Since no variations in contrast can be
observed, while clear porosity features are observed in the differential
phase images, it can be concluded that most these features have a
scale above the system’s resolution. This does not indicate a complete
lack of sub-resolution features, but rather their tendency not to cluster
at a given location. The horizontal lines seen across all images are

artefacts caused by interruptions in the mask apertures.
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Figure 6-7 Attenuation signal averaged per mm? (a), average differential phase
signal per mm? (b), and average dark field signal per mm? (c) plotted against porosity

values from matrix digestion.

The X-ray attenuation and differential phase signals were averaged
across the scanned area and compared to the average porosity values
estimated from matrix digestion, as shown in Fig. 6-7. It can be
observed that the X-ray attenuation signal only shows a small variation
across the different plates, with no correlation for the low porosity
plates, and a small decrease in signal for the higher porosity ones. The
decrease observed in the attenuation signal across the plates is

smaller than the standard deviations of the signal itself, which leads to
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the conclusion that the attenuation signal has a very low sensitivity to
variations in porosity up to 10.7%. The small changes in the
attenuation signal could also be due to the variations in the plate
thickness, which increased in thickness with increasing porosity, due
to the different autoclave cures which could have led to different matrix
concentrations, rather than due to the presence of porosity in the
plates. No correlation can be observed for the differential phase signal
when compared to the porosity estimated from matrix digestion. This
is expected: as the differential signal highlights the presence of
interfaces with bright and dark fringes, these cancel each other out

when averaged over a large area.

Despite a lack of observable features in the individual dark field
images, when averaging the signal across the whole plate, correlation
can be observed between the average dark field signal and the
porosity values estimated from matrix digestion (Fig 6-7(c)). As can be
observed in the plot, a single outlier affects the correlation across all
frequencies, circled in red. This point corresponds to the plate with
1.53% porosity, which was manufactured differently from the rest of
the plates, as explained in Chapter 6.2. Since that point was a clear
outlier, it was decided to discard it. This could indicate that the dark
field signal is sensitive to changes in the porosity distribution on a
microscopic level when modifying a single parameter of the
manufacturing process. This could potentially be used for
investigations of porosity formation and distribution in composite
plates to perfect manufacturing process and minimise porosity. When
discarding the 1.53% porosity plate, the R? increases from 0.64 to
0.94. This correlation supports the hypothesis that the dark field signal
is sensitive to sub-pixel features occurring in porous plates, and the
levels of sub-pixel scale inhomogeneity in those plates increases with
increasing porosity.

Despite a high overall correlation between the dark field signal and the
porosity values estimated from matrix digestion, for plates below 4%

134



porosity the correlation becomes weak, and the dark field signal for the
mid-porosity plate (3.4%) is similar to the signal from the plates with
porosity below 2%. This can indicate that, for plates with porosity
below 4%, the average amount of sub-pixel features is similar.
However, the variation in larger scale porosity between the mid-
porosity plate and the low porosity plates is clearly visible in both the
attenuation and the differential phase images in Fig 6-6, with the mid-
porosity plate exhibiting many porosity features compared with the low
porosity plate, where no features were visible. This evaluation
supports the hypothesis that the dark field signal is sensitive to sub-
resolution features, and that their prevalence increases with increasing
porosity levels. However, the weak correlation for the low and mid-
porosity plates, combined with the lack of visible features in the dark
field images, suggests that a significant fraction of the porosity
features is on a scale equal to or larger than the system resolution,

and consequently outside the sensitivity range of the dark field signal.

6.6 Standard deviation of differential phase signal and
comparison with ultrasonic attenuation

A new metric was introduced to compensate for the dark field signal
only being sensitive to sub-pixel scale features, the standard deviation
of the differential phase (STDP). It is a measure of how many “edges”
of features are present per unit area, and as a result is a similar
measure as the dark field signal, but for features on a scale equal to
or above the system resolution. Images of the STDP were created for
the same ROIs from the four plates shown in Fig 6-8, by calculating
the standard deviation of the differential phase over an area
comparable to the ultrasonic resolution at 5 MHz (300 pm), shown in
Fig. 6-4. In these images, the contrast was enhanced independently
for each image to highlight the observed features.
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Figure 6-8 Standard deviation of the differential phase images of ROIs from four
different plates with varying degrees of porosity (left to right: 10.7%, 6.6%, 3.4%,
0.7%) taken over a 300*300um?>.

The bright areas in the images correspond to area with a high STDP,
i.e., areas with a large variation in sample inhomogeneity. For the
highest porosity plate (10.7%), long vertical lines are visible across the
image, corresponding to the porosity following the woven yarns
observed in the attenuation and differential phase images (Fig. 6-6).
However, whereas the differential phase enhanced the porosity
location within the image by highlighting their edges, here it is the local
porosity concentration that is enhanced, with brighter areas
corresponding to higher concentration of inhomogeneities. In the
second highest porosity plate (6.6%), the vertical porosity features are
still visible, however the most intense features are from the randomly
distributed areas across the image, indicating a reduction in the
porosity along the woven yarns of the plate. In the mid-porosity plate
(3.4%), no vertical features are visible anymore, and the high intensity
features are scattered randomly across the ROI, in accordance with
the observations made from the attenuation and differential phase
images. For the lowest porosity plate (0.7%), the contrast has been
stretched considerably to enhance the features found in the ROI,
however those do not correspond to porosity features, but to the
regular structural features of the woven plate. It must be noted,
however, that a gradient can be observed throughout the ROI, pointing
toward the presence of some porosity features in the top-left part.
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Figure 6-9 Average standard deviation of the differential phase signal per mm?

compared with porosity estimated from matrix digestion.

The STDP signal was averaged across the scanned areas and
compared to the average porosity values estimated from matrix
digestion, as shown in Figure 6-9. An extremely good correlation can
be observed between the STDP and the porosity values from matrix
digestion. This demonstrates the capability of the STDP approach to
quantify the degree of porosity in the specimens used, with an R?
values of 0.99, the highest observed across all measurements — be
they X-ray or ultrasonic. Moreover, unlike the ultrasonic attenuation
values, a correlation can be observed between the STDP and the
porosity values even for the lower porosity plates (<2%). The error
bars in the figure correspond to the variation in the STDP across the
individual plates and can be compared to the variation in signal
observed from the ultrasonic C-scans in Fig. 6-4. As was observed in
the ultrasound measurements, a wider range of attenuation values
was observed for the high porosity plates, which corresponds to the
correspondingly larger error bars in Fig. 6-9. Similarly, the low porosity
plates were very uniform in the ultrasonic scans, which is mirrored here

by very small error bars for low porosity.

These positive results lead to the further investigation of the STDP
approach, by looking into the relationship between STDP and the
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ultrasonic attenuation signals for the whole plates as well as on an ROI

basis (section 6.9).

6.7 EIl XPCi for assessment of porosity in CFRP compared to
Ultrasonic Attenuation

The average attenuation, differential phase and dark field signals were

also plotted against the ultrasonic attenuation signals for the 5 MHz

focussed transducer values obtained at UCL, as shown in Fig. 6-10
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Figure 6-10 Average attenuation (a), differential phase (b) and dark field (c) signal
per mm? compared with ultrasonic signal attenuation for 5MHz focussed transducer.

For the X-ray attenuation, a weak correlation was found with the
ultrasonic signal attenuation, and no correlation was found for the
differential phase. This result was expected, as similar correlations
were found between those signals and the porosity from the matrix
digestion, as explained above. The attenuation and differential phase
signals were thus discarded from any further analysis, as they cannot
be used as a measure for porosity in composite plates. As done
before, for the correlation between the average dark field signal and
the ultrasonic attenuation, the data point for the 1.53% porosity plate
(which was manufactured differently) was discarded from the fit. The
correlation between the dark field signal and the ultrasonic attenuation
is comparable to the correlation with the porosity values from matrix
digestion (R? = 0.93). Here too, a large difference can be observed in
the measured ultrasonic attenuation signal between the low porosity

plates and the mid-porosity plate.
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Figure 6-11 Average standard deviation of the differential phase signals per mm?

compared with ultrasonic signal attenuation for 5SMHz focussed transducer.

Finally, the STDP signal averaged across the scanned area was
compared against the ultrasonic attenuation signals for the UCL 5 MHz
focussed transducer values, as shown in Fig. 6-11. Again, a strong
correlation can be observed (R?=0.95), higher than correlation
between ultrasound and dark field (R?=0.71). However, while the
correlation is strong for the high porosity plates, it no longer holds for
the low porosity ones, as opposed to what happens with the porosity

values from matrix digestion.

6.8 Relation between El XPCi and Ultrasonic signal attenuation
for porosity estimation in FRCP on an ROI by ROI basis
The next step involved the study of the two selected XPCi signals (dark
field and STDP) when compared to the ultrasonic attenuation on an
ROI basis. Both the XPCi signals and the ultrasonic attenuation signal
were averaged over each ROI of all 9 specimens. The comparison
between the ultrasonic attenuation and dark field signal is shown in
Fig. 6-12. Despite a very good correlation between the average dark
field signal across the whole plate when compared to both porosity
from matrix digestion (Fig. 6-7(c)) and average ultrasonic attenuation
signal (Fig. 6-10(c)), a different situation is observed when looking at
smaller ROIs across the plates. The linear correlation between the
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average dark field signal and ultrasonic attenuation is not observed
when compared on an ROI by ROI basis (R? = 0.3).
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Figure 6-12 Average dark field signal for all individual ROls calculated for 9
specimens, plotted against the ultrasonic signal attenuation calculated over the
same ROI for the 5 MHz focussed transducer.

Moreover, the spread of the dark field signal for each individual plate
across the low porosity plates is much larger than for the mid- and high
porosity plates. This indicates a shift in the average size of the features
from the low porosity plates to the higher porosity ones. In the high
porosity plates, most of the features are equal to or above the system
resolution; as a result, the large signal variation observed in the
ultrasonic attenuation signals is not mirrored by the dark field signal,
which is insensitive to them. In comparison, for the low porosity plates,
only a very small variation is observed in the ultrasonic attenuation
signal, indicating a more uniform structure and low presence of
porosity features across the plates. Here, the dark field signal is
extremely stretched, indicating a large variability in sub-pixel scale
inhomogeneity across the plates. This could indicate the presence of
microscopic (sub-pixel) porosity features in certain areas of the low
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porosity plates, although not clearly visible in the images, which were
not picked up by the ultrasonic attenuation signal due to their size. This
is because the ultrasonic analysis in not sensitive to features of the

scale observed in the dark field signal, and as a result cannot be

compared.
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Figure 6-13 Average STDP signal for all individual ROls calculated for all 9
specimens, plotted against the ultrasonic signal attenuation calculated over the

same ROI for the 5 MHz focussed transducer.

This observation is further enhanced when comparing the local (i.e.
ROIl-based) STDP and ultrasonic attenuation signals, as shown in Fig.
6-13. Here, the linear correlation between the STDP and the ultrasonic
attenuation signal is much stronger, with an R? of 0.94. This relation is
especially apparent for the three highest porosity plates, where an
increase in the average STDP over a given ROI increases with the
ultrasonic signal attenuation. It can be observed that, for the mid-
porosity plate (3.4%), the increase in the STDP with ultrasonic
attenuation is on a different gradient compared to the high porosity
plates. This is thought to be due to a shift in the porosity features

towards smaller sizes, which are therefore starting to become more
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prominent in the dark field signal as opposed to the STDP. Indeed, in
Fig. 6-12, it can be seen that the spread of the dark field signal for that
plate is larger than for the high porosity plates, but still smaller than for
the low porosity plates. This could be due to the simultaneous
presence of features above and below the system’s resolution, with
the porosity signal shared between the two contrasts as a result. For
the low porosity plates, no spread can be observed in the STDP signal,
with a corresponding relatively constant ultrasonic attenuation. The
STDP also exhibits very small variation in the signal, indicating that for
features of a scale equal to or above both the system resolution, the
low porosity plate exhibits no variation in inhomogeneity and matches

the ultrasonic predictions.

6.9 Conclusions

Planar Edge Illlumination X-ray Phase Contrast imaging (El XPCi) was
used for the quantification of porosity in fibre reinforced woven
composite plates, by comparing the three retrieved signals to porosity
values obtained from matrix digestion and ultrasonic attenuation
measurements. A correlation was found between the porosity content
calculated using matrix digestion and the dark field signal, which is
sensitive to variations in inhomogeneities in the sub-resolution scale
(in this case, <12 ym). It was found that, for the set of specimens used
in this investigation, despite the dark field signal offering
complementary information about the microscopic features present in
the plates, it did not lead to a better correlation with matrix digestion
than ultrasonic attenuation. It does however allow measuring the
variation in inhomogeneity across whole plate for varying degrees of
porosity, showing that sub-pixel inhomogeneities increase with
increasing levels of porosity. It was also observed that the dark field
signal cannot be compared with ultrasonic attenuation for the
quantification of porosity for the plates used in this investigation, as the
scale of features observable by the dark field signal in the low porosity
plates are too small to be observed by the ultrasonic attenuation and
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vice versa. To compensate for difference in pore size detected by the
dark field signal and ultrasonic signal attenuation, the use of the
standard deviation of the differential phase (STDP) was introduced, on
the assumption that it provides a similar function as the dark field
signal (i.e. detecting inhomogeneities) for features equal to or above
the system resolution. Overall, the STDP was shown to have a better
correlation than ultrasonic attenuation when compared with porosity
values from matrix digestion, including for low porosity specimens
(<2%), where the ultrasonic attenuation and dark field signals showed
the smallest correlation. The STDP allows for the quantification of
porosity using only planar images, enabling faster scanning, at the
expense of the localisation of the porosity through the plate thickness,
which can be achieved through longer CT scans. It should however be
noted that planar imaging allows scanning large panels without having
to cut them or otherwise reduce them in size, while CT can only
accommodate specimens of limited size. The variation in porosity
distribution which should be further investigated with relation to the
STDP (See section 8). These results indicate significant potential for
this new evaluation metric in the non-destructive assessment of

porosity content for fibre-reinforced composite plates.
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7 Conclusions

CFRP are widely used across a range of industries thanks to their low
weight and high strength. However, due to their brittle nature, they are
prone to defects, both in-service and during manufacturing. Several
NDE techniques exists in order to detect and identify defects in CFRP,
with the most common ones being ultrasonic imaging and X-ray CT
imaging. However, both techniques have disadvantages, with
ultrasonic imaging offering relatively low resolution, and X-ray CT
being costly, time consuming and imposing limitations on the sample
size. During this PhD research, El XPCi was benchmarked as a new,
viable NDE technique for damage detection in CFRP specimens. El
XPCi and ultrasonic immersion C-scan imaging were used to assess
the damage in a small pre-preg CFRP plate with severe impact
damage. Both qualitative and quantitative comparisons were
performed to evaluate the extent of the features observed using the
two imaging methods. On a quantitative level, the ultrasonic and El
XPCi imaging techniques are comparable and allow for the detection
and measurement of different features in the sample. However, the El
XPCi imaging proved to offer a more detailed identification and
localisation of damage, as ultrasonic C-scan imaging has limited
resolution and detection capabilities for multiple defects across the
sample thickness. Moreover, the dark field images provided
information regarding fibre damage which was not visible in ultrasonic
C-scan imaging or in attenuation and differential phase X-ray images.
CT EI XPCi allowed for the detection of multiple delaminations across
the sample thickness, as well as a crack across the sample thickness.
These features were not observed using ultrasonic imaging or in the
planar ElI XPCi images. These observations were confirmed using a
high-resolution conventional X-ray CT imaging, where the features
and extent of the damage observed in the dark field signal were also
observed. It can thus be concluded that El XPCi imaging, and more
specifically CT imaging, can provide a more precise tool for damage

detection and localisation, as well as for quantitative evaluation of
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damage in composite plates, as the inclusion of the differential phase
and dark field signals offer complementarity to the conventional
attenuation and allow for the identification of different types of defects.

A comparison between ElI XPCi and ultrasonic immersion C-scan
imaging was done for damage detection in composites using planar
imaging instead of CT. A severely damaged cross-ply pre-preg CFRP
plate was used, with all three X-ray channels compared to both B-scan
and C-scan imaging. A network of cracks was observed using the
differential phase and dark field signal, with some cracks only visible
in the dark field signal, indicating the presence of micro-cracks across
the damaged area of the sample. As expected, the individual cracks
were not observed in the ultrasonic C-scan, however the extent of the
damage was mostly observed through the ultrasonic imaging, with the
cracks observed in EI XPCi extending a few mm outside of the area
observed through the ultrasonic imaging. These observations were
then confirmed using contrast agent X-ray imaging, which is used to
enhance the contrast in conventional X-ray imaging and highlight the
presence of damage in the plate. However, contrast agent-enhanced
X-ray imaging has an important limitation in that it requires a direct
path between the surface and a given feature for the dye to penetrate,
and therefore for the feature to become visible. This limitation was
overcome by EI XPCi, where both the differential phase and dark field
signals were able to detect cracks that were not visible using the
contrast agent X-ray imaging due to a lack of a direct path to those
defects. Neither planar ElI XPCi and contrast agent-enhanced X-ray
imaging could detect the presence of a delamination, which was
detected using the ultrasonic immersion double through transmission
C-scan. This was expected as features perpendicular to the X-ray
beam, such as delaminations, can only be detected using CT imaging
and are typically not visible in planar imaging. It was concluded that
the combination of both planar EI XPCi and ultrasonic immersion
imaging was necessary for a complete assessment of the damage and
its extent in CFRP plates.
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Planar ElI XPCi was then used for the detection of manufacturing
defects in CFRP. In particular, the differential phase and dark field
signals were used for the quantification of porosity content in cross-ply
pre-preg woven fiber-reinforced composite plates with porosity content
varying from 0.7% to 10.7%. The three EI XPCi signals were compared
to ultrasonic immersion through transmission imaging and matrix
digestion, the standard industry methods for non-destructive and
destructive porosity content evaluation, respectively. The dark field
signal showed reasonably good correlation with both matrix digestion
and ultrasonic signal attenuation, however the same correlation was
not observed for mid- and low porosity plates. Together with the
observation of the differential phase images, it was concluded that, for
the set of samples used in this investigation, the scale of the porosity
was equal to or above the system resolution, and as a result the use
of the dark field signal was not suitable. The use of the standard
deviation of the differential phase (STDP) for the evaluation of porosity
or voids on a scale equal to or larger than the system resolution was
therefore introduced. The STDP fulfils a similar role to the dark field
signal, in that it shows variations in the distribution of inhomogeneities
in a sample, but for features on a scale equal to or above the system
resolution. The STDP signal showed a very good correlation with both
matrix digestion and ultrasonic signal attenuation. The use of the
STDP allows for the use of planar imaging for porosity quantification
in CFRP, which, when using conventional X-ray imaging, is only
achievable with X-ray CT.
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8 Future work

The PhD research has benchmarked ElI XPCi as a viable non-
destructive evaluation technique for damage detection in CFRP. The
use of CT EI XPCi has shown the complementarity of the phase-based
signals to the conventional attenuation signal, thus allowing for a better
understanding of the damage extent, as well as the identification of
different defects and their scale across the sample. The same was
then shown by moving to 2D planar imaging, where the capabilities of
El XPCi to detect the damage extent and identify the different types of
damage were maintained and shown to surpass contrast agent X-ray
imaging. However, the need for complementary ultrasonic imaging
was still necessary, as a large delamination found in the ultrasonic C-
scans was not detected in either planar X-ray imaging techniques.
Lastly, the introduction of the novel STDP opened the door to a new,
fast, and efficient way for the detection and quantification of porosity
in CFRP.

The novelty from this PhD project can lead to further work in different
directions:
1. Computed Laminography El XPCi

Despite being the most common NDE technique used in industry, as
it offers high resolution and a comprehensive 3D imaging of the
sample, CT imaging has a lot of limitations when scanning CFRP
plates, the main one being the impractical aspect ratio of the plates.
Laminography is a 3D imaging technique which involves tilting the axis
of rotation of the scanned sample instead of having the rotation axis
perpendicular to the incident X-ray beam, as is done in X-ray CT. By
rotating the sample in such a way, a high-resolution scan is still
obtained, whilst the issues which arise from the scanning of laterally
extended objects such as composite plates, e.g., the high variation in
the X-rays path lengths with the object rotation, are mitigated. This can
also be used to explore damage detection in irregularly shaped

composites. Such an imaging approach can also result in shortened
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scanning times. However, this imaging technique leads to an
incomplete sampling of the 3D Fourier domain of the sample, and thus
to lower signal-to-noise ratios and artefacts compared to CT
imaging[173]. Computed laminography (CL) inspection of damaged
composite plates have been done using synchrotron
radiation[174,175], however, it was never implemented in a laboratory
environment for XPCi. Including CL as an X-ray imaging technique
would provide an additional capability to EI XPCi as an NDE imaging
method in comparison with ultrasonic imaging. Applications for such
imaging will include the detection and quantification of delamination in
CFRP, as well as investigation of porosity, mainly for mapping the

porosity distribution and size within the samples.

2. The expansion of the STDP signal
The use of the STDP, in conjunction with the dark field signal, holds
great promise to quantify porosity in composite plates; however,
further research should be conducted on the relation between the
newly investigated STDP and dark field signals, especially in terms of
understanding the interplay between signals caused by features above
and below the system resolution, and ultimately of developing effective
means to combine them. Pores and defects above and below the
system resolution would normally be expected to be present in the
structure, and the results presented so far offer a way to assess them
independently, but not to combine them. Scans with varying levels of
resolution, performed for example by means of masks with different
aperture sizes, may offer the possibility to independently analyse pore
size distributions between certain pre-determined average
dimensions, similarly to differential sieving, thus allowing for a more
thorough characterization in the future. Furthermore, since the STDP
is a measure of material interfaces, it is dependent on porosity content,
pore size and porosity distribution. It would be interesting to test the
response of the STDP signal to specimens manufactured using
different methods leading to variations of porosity shape and
distribution, while keeping in mind that the general principle of dark
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field and STDP being sensitive to features below and above the
system resolution (respectively) is a feature of the imaging method and
not of the investigated sample. The STDP signal should be
characterized and used for multi-modal, multi-scale imaging. The use
of STDP can also be expanded to other applications, e.g. additive
manufacturing structures, bone remodelling around porous implants,
electrode corrosion in batteries and possible even tumours in soft

tissue.

3. Scaling up of the technology for “real life” specimens
The use of El XPCi for damage detection in CFRP was described here,
showing good results for both in-service and manufacturing
defects. However, small samples were used in this investigation
adapted to the laboratory equipment. The next step would include the
scaling up of the ElI XPCi system for “real life” industrial specimens,
typically large plate components requiring a much larger field of view.
A pre-commercial prototype of the system already exists at the Nikon
facility, providing a large field of view of 200*500 mm? [120]. As the
angular resolution of the system is dictated by the aperture size and
not the detector pixel size, scaling up can be achieved without
compromising on the resolution. Other parameters, such as fast
scanning, and the adaptation of the system large specimen was shown
to be straightforward and require minimal engineering
investment[120]. Actual aircraft parts could be tested to prove the
efficacy of the technique for larger samples, with the possibility of
going beyond the current largest field of view, thus accommodating for

in-situ inspection in future.
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