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ABSTRACT
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Characterisation of Impact Damage in Carbon Fibre Reinforced Plastics by 3D X-Ray
Tomography
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Carbon fibre reinforced plastics (CFRP’s) are finding increased used as structural ma-
terials in many transport applications, particularly next generation commercial aircraft.
The impact damage tolerance of these materials is relatively poor compared to conven-
tional aircraft materials such as aluminium. As a result there is a concerted research effort
to improve the damage tolerance of these materials. Understanding the microstructural
mechanisms of damage can help to design improved materials. Three-dimensional X-Ray
computed tomography (CT) allows these damage mechanisms to be identified and quanti-
fied non-destructively. However, a lack of published work in the field means no consistent
methodologies for imaging or quantifying damage in CFRP’s using X-Ray tomography
exist. This thesis provides several novel methodologies for imaging and quantifying im-
pact damage using X-Ray CT. A dual energy imaging methodology was developed to
overcome the reduction in CT image quality caused by the high aspect ratio of CFRP
structures. This approach resulted in a 66% increase in signal-to-noise ratio, and a 109%
increase in contrast-to-noise ratio. The development of a methodology for quantifying
impact damage in CFRP based on thresholding the in-plane damage area showed good
agreement with ultrasonic C-scan results, and allowed correlations between impact en-
ergy, damage area and compression-after-strength to be made. Region of interest (ROI)
algorithms for high magnification imaging of impact damage in CFRP plates were inves-
tigated. These algorithms were not developed by the author, but further understanding of
their effectiveness and practical applications is presented in this work. Finally, a novel X-
Ray tomographic imaging technique using interferometry was applied to imaging impact
damage in CFRP’s. This method was developed by a research group in Switzerland at the
Centre Suisse d’Electronique et de Microtechnique (CSEM) in Zurich. The work in this

thesis presents the first application of the technique to image impact damage in CFRP.
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CHAPTER
ONE

FROM AIRCRAFT TO X-RAYS, AN INTRODUCTION

Composite materials are playing an increasingly important role in today’s aerospace
industry. One of the reasons for this increasing use of composites is the drive to reduce
aircraft weight in order to reduce fuel consumption, as well as the increasing engineering
requirements placed on modern aircraft. Composite materials can offer a solution to these
problems due to their excellent mechanical properties coupled with low densities. Hence,
for a given load carrying requirement, a composite component may be lighter than a
conventional metal component.

However, several barriers still present a challenge to increasing the use of composite
materials in engineering applications. High raw material costs, difficulties in processing
some materials and a lack of understanding of material behaviour are a few of these. Such
factors are particularly applicable to the aerospace industry where keeping costs down is
vital, but reliability and predictability of materials are vital for safety requirements.

Fibre reinforced composite materials, such as those based on carbon fibres embedded
in an epoxy resin matrix, are the most widespread composite materials used in aircraft.
These materials are being used in wing skins, engine coverings, and primary structures.
As an example, the new Boeing 787 aircraft comprises over 50% by weight of composite
materials (Marsh, 2005), as shown in figure 1.1

However, as with all performance issues in engineering, trade-offs are inevitable. The
excellent general properties of laminated composites come at the expense of the through-
thickness properties. As a result, the ability of composite materials to withstand impact
events is often poor. This has led to a concerted research effort into the cause and effects
of impact damage in composites materials with aims to improve the damage tolerance.

To help improve the understanding of impact damage in composite materials many
non-destructive testing techniques have been utilised. These techniques have included
ultrasonic inspection, thermal imaging and X-rays. This thesis takes a focus on using
X-rays to image damage in carbon fibre reinforced plastic (CFRP) in three-dimensions

using a process known as 3D X-ray computed tomography (CT).
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(b)

Figure 1.1: (a) The Boeing 787(Sizer, 2009) and (b) section of the 787 composite fuselage
(Boeing, 2009).

Many people are familiar with the use of X-rays to image damage inside the body,
such as broken bones, but this form of radiation can be used to image virtually any object

(even those in space!). Figure 1.2 shows some examples of objects imaged using X-rays.
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(b)

Figure 1.2: Examples in X-ray imaging. (a) The first radiograph taken of a human body
part, by Roentgen, the discoverer of X-rays. The hand belonged to his wife (Rontgen,
1895). (b) A false colour X-ray image of our sun (NASA, 2000). (c) ’Photo 51°, the
X-ray diffraction image which proved the helical structure of DNA (Franklin, 1952).

X-ray imaging was further advanced in the 1970s when Hounsfield developed the
first X-ray CT system (Hounsfield, 1973), for which he shared the 1979 Nobel Prize for
Physiology or Medicine with Allan McLeod Cormack. Hounsfield’s CT system allowed
the cross sectional imaging of body parts for medical diagnosis by taking radiographs
on the object from many different angles. Since these early developments, hardware and
software improvements now allow the use of CT to investigate virtually any object on a
much larger scale than initially possible. Fully three-dimensional data allows us to "look
inside’ objects without having to destructively interfere with them. This has led to the use
of CT in medical diagnosis, detection of defects in materials, reverse engineering, and

even natural history research. Some examples are shown in figure 1.3.
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Figure 1.3: Examples of CT applications (a) Medical diagnosis (Becker and Johnson,
2011) (b) 3D rendering of porosity in a metal casting (Brandmiiller, 2008) (c) 3D render-
ing of a prehistoric Huntsman spider (McNeil).

Although CT has shown to be an effective tool for the characterisation of defects and
damage in engineering materials, a review of the literature shows very little published
activity specifically related to impact damage in CFRP using CT. This could be due to
several reasons; the type of CT equipment needed has only become practical for labora-
tory sources in the last few years and the shape of structures made from CFRP makes them
geometrically difficult to image using CT. These issues are explored further in chapter 2.
What data is available shows highly qualitative studies, useful in describing the processes

of impact damage, but little quantitative data.
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1.1. AIMS AND OBJECTIVES

1.1 Aims and Objectives

The majority of the experimental work presented in this thesis was performed at the
Henry Moseley X-Ray Imaging Facility (University of Manchester) and the National
Composites Certification and Evaluation Facility (University of Manchester). The project

aimed to achieve the following;

* Develop a methodology to improve the imaging of high aspect ratio CFRP objects

for a laboratory cone-beam CT system
* Develop a methodology to allow quantification of impact damage in CFRP objects

» Explore the use of advanced CT techniques to image damage in CFRP objects

These aims were achieved by the following;

* Characterisation of a laboratory CT system in order to optimise imaging of CFRP

materials

* Development of a dual-energy imaging method to improve imaging of high aspect
ratio CFRP objects

* Application of the dual-energy method to quantify and characterise damage in
CFRP objects

* Comparison of CT data with other non-destructive testing methods to qualify CT

measurements
 The application of region-of-interest (ROI) imaging techniques
* The use of novel phase-contrast CT equipment to image damage in CFRP objects

Chapters 2 and 3 present background and literature reviews regarding X-ray tomog-
raphy and impact damage in CFRP respectively. Chapter 4 presents a novel approach to
imaging high aspect ratio objects using a dual-energy technique. The work in Chapter
7 investigates the use of grating interferometer CT to image impact damage. This tech-
nique is also known as differential phase contrast (DPC).The DPC work was performed
at the Centre Suisse d’ Electronique et de Microtechnique (Swiss Center for Electronics
and Microtechnology, CSEM) in Zurich.
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CHAPTER
TWO

3D X-RAY TOMOGRAPHY: BACKGROUND AND
LITERATURE

This section provides an overview of the computed tomography technique, including
a theoretical background to the topic. The different scanning geometries in laboratory
based CT scanners are explored, before a brief explanation of the reconstruction method
is given. A discussion of artefacts associated with tomography is then presented, followed

by an exploration of the applications of CT to imaging composite materials.

2.1 Overview

Computed X-Ray Tomography (CT) is non-destructive inspection method which pro-
vides cross-sectional information about an object over 2-D cross sections (CT °‘slices’), or
the whole volume. Hence the method is often referred to as *Three-dimensional X-Ray
Computed Tomography’. Information about the object is acquired from a finite number
of radiographic projections taken at various angles as the object is rotated axially. Figure

2.1 illustrates the basic geometry of a modern cone-beam CT system.

X-Ray Source Flat panel Detector

Rotation stage

Figure 2.1: Schematic of cone beam X-Ray tomography system.
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2.2. PROCESS STAGES OF COMPUTED TOMOGRAPHY

Because different materials have various X-Ray attenuation coefficients, the spatial
distribution of these coefficients through the cross section of the object allows a re-
constructed representation of their distribution. The process therefore allows a non-
destructive view of the inside of an object.

CT provides an excellent non-destructive imaging technique where the primary goal
is to identify, locate and quantify volumetric defects to a high accuracy, and in three-
dimensions (British Standards, 2009a). As all materials absorb X-Rays (to varying ex-
tents), the technique can be used to image virtually any object. When discussing the field
of non-destructive testing, the terms ’'non-destructive testing’ (NDT), ’non-destructive
evalation’ (NDE) are often used interchangeably. Strictly speaking NDT is process of
acquiring the data (e.g. by acquiring a radiograph or C-scan), while NDE is the process
of using that data to evaluate the condition of the object of interest.

Compared to conventional (2D) radiography, whereby overlapping features are su-
perimposed on to each other, CT provides an imaging method where individual features
appear separate form each other; i.e. the full spatial information of the sample is pre-
served. Accurate dimensional measurements in addition to density measurements can be
achieved with proper system calibration. As a result, CT is a particularly useful tool in
both Non-destructive testing (NDT) for structural intregrity measurement and metrology.

CT is particularly useful in metrological applications due to;

 Data acquisition without contacting the object
e Internal and external dimensional information

» Export of 3D model data for reverse engineering applications

As with any imaging system, there are inherent limitations. CT can never produce an
exact representation of the measured object, and various artefacts are inherent in the pro-
cedure (although many can be corrected for). Generally, the effectiveness of the CT imag-

ing process involves a trade-off between spatial resolution, artefacts, and image noise.

2.2 Process Stages of Computed Tomography

To generate and obtain useful information from a CT data set (volume), three general

steps are required. These steps are referred to as;
1. Acquisition
2. Reconstruction

3. Visualisation and analysis
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2.2. PROCESS STAGES OF COMPUTED TOMOGRAPHY

2.2.1 Acquisition

The first stage in the generation of a CT data set is to acquire useful radiographs (or
‘projections’). These projections are acquired systematically, from a sequence of increas-
ing viewing angles known as the ‘projection angle’. The identification of a particular
feature is highly dependant on the number of angles from which projections are taken.
Hence, increasing the number of projections will generally improve the quality of a CT
scan.

Most imaging systems contain inherent artefacts, and as a result a CT scan must in-
volve image correction parameters which are described before the scan begins. Offset
and gain reference images are taken to apply ‘flat field correction’. This correction is
performed by acquiring projections using black (X-Rays off) and white (X-rays on with
no sample in the field of view) reference images to correct for detector variations. These
variations may include pixels which give an inflated reading (hot pixels), and to establish
the dynamic range of the detector under a given set of imaging conditions. Other correc-
tions such as optical pin-cushion distortion may also be applied. Each projection in the

acquisition has these corrections applied by automated software.

2.2.2 Reconstruction

Reconstruction is the stage which differentiates computed tomography from tradi-
tional radiography, and can therefore be said to be the most important stage. During
reconstruction, the projections obtained during image acquisition are passed to a ‘recon-
struction algorithm’ which may produce a stack of cross-sectional slices, or a single three-

dimensional volume, depending on the software used.

2.2.3 Visualisation and Analysis

Once a CT volume has been reconstructed, useful information needs to be extracted
using visualisation and analysis techniques. This stage encompasses any actions which
involve image viewing and processing, as well as data extraction and processing.

Visualisation can be performed in 2D planes (slices) or in 3D space. The advantage of
3D data visualisation is that the object is represented in a way which corresponds to the
natural appearance of the real object, making feature identification simpler.

Digital filters such as noise reduction, edge detection and downsampling among oth-
ers can be used to process and extract relevant data. This allows visual representation
of feature of interest through 3D surfaces, false colour images etc. and also numerical

quantification of CT data.

28



2.3. THE PHYSICS OF X-RAYS

2.3 The Physics of X-Rays

To understand how a CT system works, an appreciation of the physics of X-Rays is
required in terms of X-Ray generation, propagation, and the interaction of the radiation

with matter.

2.3.1 Production of X-Rays

X-Rays are a form of electromagnetic wave, with wavelengths which occupy the range
of 0.1 to 10nm on the electromagnetic spectrum. Figure 2.2 shows how X-rays compare

to other forms of electromagnetic energy in terms of photon energy.

infrared  ultraviolet cosmic rays
radio & television \ visible / X-rays _ /
10° 10 10° 10°  10° energy(eV)

Figure 2.2: Illustration of the electromagnetic spectrum (Hsieh, 2003)

In the context of radiographic imaging using laboratory sources, X-Rays are produced
when a target material is bombarded by high speed electrons. The kinetic energy of the
incident electrons may be transferred to the target material by several types of collision
event, which in turn produce X-rays.

The energy of an X-ray photo, E, is given by:

E=hv=—~+— 2.1
v= 2.1)

where;

* his Planck’s constant (6.63 x 10734Js)
* cis the speed of light in a vacuum (3 x 10%ms~1)

* )\ is the wavelength of the X-ray.

Generally, the energy of an X-ray is described in terms of electron-volts (eV); the
amount of kinetic energy obtained by an electron accelerated across an electrical potential
of 1V, which equates to a value of 1.602 x 1071%.J. The maximum possible energy of an
X-ray photon is the kinetic energy of the incident electron. However, most collisions
between the incident electrons and the target material result in low energy transfers, due

to interaction between the incident electron and outer shell electrons of the target material.
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2.3. THE PHYSICS OF X-RAYS

This process produces heat but no X-rays. Typically 99% of the input energy is converted
to heat (Hsieh, 2003).

Several types of interaction between the incident electron and the target atoms do
produce X-rays.

The most common type of interaction results in Bremsstrahlung radiation. Here, in-
elastic collisions between the incident electron and the target nucleus cause sudden de-
celeration of the electron, resulting in the emission of a quantum of energy i.e. an X-ray
photon. The energy of this photon varies; it may be small if little energy is lost during
the interaction, but can be as large as the total kinetic energy of the incident electron if a
direct electron-nucleus collision occurs. The Bremsstrahlung radiation is continuous over
the entire x-ray spectrum. A schematic of the production of Bremsstrahlung is given in
figure 2.3.

X-ray
(Bremsstrahlung)

Figure 2.3: Production of Bremstrahlung X-rays. An electron at point P suddenly loses
energy by the emission of an X-ray photon. The electron continues with a reduced energy,
E,. From (Graham and Cloke, 2003).

The intensity of Bremsstrahlung radiation produced is related to the atomic number
of the target material by the relationship:

I x ZE* (2.2)

Where Z is the atomic number of the target material, and E is the incident electron
energy.

A second type of interaction between the incident electrons and the target material
superimposes characteristic line spectra over the continuous Bremsstrahlung. This char-
acteristic radiation occurs when high speed electrons directly interact with inner-shell

electrons (such as K or L shell electrons) of the target material. The inner shell electron is
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ejected by the collision, ionising the atom. An electron from a higher energy shell drops
down to fill the vacant position, releasing an X-Ray photon. Figure 2.4 illustrates the

production of characteristic radiation.

Figure 2.4: Production of characteristic radiation. K-lines are produced by quantum
jumps down to the K-shell. From (Graham and Cloke, 2003).

Plotting the intensity versus energy of the X-rays produced from a given target materi-
als, produces a spectrum, giving the summation of the Bremsstrahlung and characteristic
radiation. Figure 2.5 illustrates a typical spectrum, highlighting the contributions from

different radiation events.
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Figure 2.5: Illustration of electron interaction with a target material. (a) Bremsstrahlung
radiation, (b) characteristic radiation, and (c) maximum photon energy due to
Bremsstrahlung events where entire kinetic energy of the incident electron is transferred
to the target atom (Hsieh, 2003).

2.3.2 Interaction of X-Rays with Matter

When an sample is illuminated by a beam of X-rays, the radiation may interact with
the atoms in the sample in different ways. The possible interaction methods are outlined
in figure 2.6. These mechanisms are obviously also applicable to any filtration material

used in the CT scan.
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Figure 2.6: Overview of X-ray interactions with matter (Banhart, 2008)

In general, an X-ray photon may interact with a material by scattering or absorption.

A photon may also pass through a material without any interaction. Absorption pro-

cesses result in energy being transferred to the material from the X-ray photon, whereas

scattering causes deflection of the X-ray photon from its orginal path and may (elastic

scattering) or may not (elastic scattering) result in energy transfer to the material. If the

intensity of the incident X-ray beam is compared before and after interacting with a mate-

rial, it is observed that the beam intensity reduces; this process is termed attenuation and

occurs due to absorption and scattering. The attenuation of the X-ray beam is given by

the Beer-Lambert law:

It = I()e_'uaj

where;

* [y = incident beam intensity

[, = transmitted beam intensity

* 1 = total linear attenuation coefficient

» z = path length through object
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The total linear attenuation coefficient, y is defined as the fraction of X-rays removed
from a beam per unit thickness of the attenuator (Graham and Cloke, 2003). The term
total is used because an attenuation coefficient occurs due to each attenuating process (the
photoelectric effect and scattering). For transmission tomography, the overall attenuation
of the beam is the main concern, the details of the processes contributing to attenuation
of the x-ray beam can be found in many references (Banhart, 2008; Graham and Cloke,
2003; Jackson and Hawkes, 1981). However, a brief discussion of the photoelectric effect
(an absorption process), and scattering will be presented here as they can strongly effect

the set-up and optimisation of a CT scan.

2.3.2.1 The Photoelectric Effect and Scattering

When an incident X-ray photon transfers its energy to a bound electron in the sample,
this electron is ejected with the energy of the incident photon minus the binding energy of
the electron. The newly excited atom will then relax (an electron fills the hole), causing
the emission of a photon of characteristic radiation. The X-ray photon has therefore
been absorbed. The probability of absorption occurring within a material (the absorption
cross-section), depends on the incident X-ray photon energy, and displays rapid changes
at energies which correspond to core electron states. This process gives rise to ’absorption
edges’ of type K, L, or M depending on the electron transitions. Figure 2.7 illustrates the

the effect of the photoelectric effect in tungsten.

Mass Attenuation Coefficient, u/p

107 107 107" 10° 10 10
Photon Energy/ MeV

Figure 2.7: Dependance of the mass attenuation coefficient on photon energy for tungsten
National Institute of Standards, (2011).

At the energies used in CT scanning, the predominant scattering effect is known as
Compton scattering, which is an inelastic event. If the incident X-ray photon has an
energy much greater than the binding energy of the electron it interacts with, the electron
can be regarded as a free electron. In this case, partial absorption of the X-ray photon

occurs, causing deflection of the photon form its original path. This attenuation process
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becomes significant at high energies and lower atomic number. Figure 2.8 illustrates the

relative dominance of the photoelectric effect and Compton scattering at various energies.
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Figure 2.8: Relative dominance of the photoelectric affect and Compton Scattering (Ban-
hart, 2008)

2.4 Reconstruction Methods

In section 2.6 the Beer-Lambert law was introduced, which forms the basis of recon-
structing a CT image. For each pixel on the imaging detector, the beam intensity for a

specific photon energy is given by:

Iy = Ipe ™ 2.4)

By rearranging the Beer-Lambert equation, the integral of the linear attenuation coef-

ficent, 1 can be calculated for each ray path:

In (&> = /,u(:p,y)dx (2.5)
I,

Where p(z,y) is the value of the linear attenuation coefficient at a point (x,y) along
the ray path, illustrated in figure 2.9. In a polychromatic laboratory source, the above

integral must be performed for all photon energies in the X-ray spectrum.
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Figure 2.9: Projection intensities from perpendicular directions of a component with three
different linear attenuation coefficients, /() is the intensity profile measured behind the
sample. Adapted from (Banhart, 2008).

Hence, each projection acquired is composed of a set of line integrals of y for each ray
path. Taking projections over multiple angles gives the Radon transform of the object for a
given cross section (Radon, 1917, 1986). Radon showed that if the line integrals for all ray
paths were known, the value of a function (i.e projection intensity) could be determined.
Subsequently he showed that the inverse Radon transform enabled reconstruction of the
function u(x,y).

To accurately reconstruct an object, more advanced mathematical theories were de-
veloped using the Beer-Lambert law as a basis. The first reconstructions were based on

the parallel beam geometry, illustrated in figure 2.10
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Figure 2.10: Parallel projection geometry. Projections are taken by measuring a set of
parallel rays for a number of different angles. From (Rosenfeld and Kak, 1982).

In the parallel beam geometry, all X-rays are parallel resulting in a 1:1 magnification
of the object. This type of geometry is often used on synchrotron CT stations, where
spatial resolution is determined by detector pixel size.

Fan beam geometry allows for geometrical magnification of the object by use of a
point source which is fixed relative to the detector array. Figure 2.11 shows the geometry

of this acquisition method.
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Figure 2.11: Fan beam projection geometry, showing all rays emanate from one location.
From (Rosenfeld and Kak, 1982).

Once the projections have been acquired, the object is reconstructed. Most systems
implement a form of the filtered back projection (FBK) algorithm, which was initially
developed for the parallel beam geometry (Herman, 2009). Back projection effectively
involves projecting the ray integrals back through the object, which will then construc-
tively interact in regions which correspond to variations of y. This gives an approximation
of the original object, but must be filtered to remove blurring. This stage is typically per-
formed in the frequency domain, using the Fourier Slice Theorem (FST), details of which
can be found in (Kak and Slaney, 1988) along with mathematical derivations of the recon-
struction process. The FST (often referred to as the Projection, or Central Slice Theorem)
is the basis of tomographic reconstruction. The FST states that the Fourier transform of
a two-dimensional function, f(r), projected onto a one-dimensional line is equal to first
performing a Fourier Transfer on the function and the slicing through its origin which is
parallel to the projection line (Kak and Slaney, 1988). The concept is shown graphically
in figure 2.12
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................................

P
Fourier transform

space domain frequency domain

Figure 2.12: Graphical representation of the Fourier Slice Theorem in two dimensions
(Pan and Kak, 1983)

From a fundamental perspective, given the Fourier transform of an object from enough
angles, simply performing an inverse Fourier transform allows us to reconstruct an esti-
mate of the entire object function, f(z,y) (Kak and Slaney, 1988).

Each of the rays in a projection has a width determined by factors such as the focal
spot size of the X-ray source, detector pixel width and the magnification of the projec-
tion (Herman, 2009). The angular increment of each projection should therefore be small
enough to allow adequate sampling of features in the object. Early work on CT recon-
structions demonstrated that the number of projections to provide a satisfactory Radon
transform of an object lies between <% and ZF where ¢ is the maximum width of the ob-
ject in pixels (Kak and Slaney, 1988). For example, an object filling the field of view on
a 2000-pixel wide detector would require between 3142 and 1570 projections.

The parallel and fan-beam projection methods allow the reconstruction of a single
cross-section of an object. Acquiring a 3D CT volume historically involved repeated
scans, with the object being translated in the vertical direction to obtain CT slices at
various heights. More recently 3D reconstruction algorithms have been implemented
which allow CT acquisition of the full object through the use of a magnifying cone-
beam system, resulting in a dramatic decrease in full-volume data acquisition time. These
reconstructions are mainly based on the Feldkamp, Davis and Kress (FDK) algorithm
(Feldkamp et al., 1984), a generalisation of the 2D back-projection algorithms.

No exact solution to the FBK algorithm exists except for the central slice, which
represents a fan-beam geometry with a cone beam (Feldkamp e? al., 1984). Away from
the mid-plane the FBK gives an approximation, although a highly accurate one. The
accuracy deteriorates with increasing cone angle (demonstrated in Appendix A). This
approximation occurs due to insufficient data for a stable solution to the inverse problem

away from the mid-plane. Tuy’s sufficiency criteria (Tuy, 1983) details the requirements
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for an exact solutions. 3D reconstruction deals with this issue by measuring the tilted
projects (i.e. those away from the mid-plane), and projecting back onto the scanning
plane and applying the 2D form of fan-beam reconstruction. High cone angles will still
produce blurring errors, although some efforts at removing these in medical CT scanners
have been demonstrated by using novel scanning geometries such as helical trajectories
(Hu and Zhang, 2009; Soimu et al., 2008). It appears that the cost of implementing these

systems has so far been prohibitive for industrial CT systems

2.4.1 Alternative Reconstruction Methods

Analytical reconstruction techniques based on filtered back projection, such as the
FDK algorithm, are dominant in industrial tomography systems due to their ease of im-
plementation and minimal computational requirements. Despite recent advances in hard-
ware and mathematical solutions to inverse problems, FBP techniques have remained
widespread Pan er al. (2009a). However, alternative reconstruction techniques based on
iterative methods are becoming increasingly popular. Algorithms such as the Algebraic
Reconstruction Technique (ART) begin with an estimate of the object and converge to
solution by a series of iterative projection-correction steps (Pan et al., 2009a). These al-
gorithms are reported to have a better tolerance to noise in the acquired projections, along
with a greater tolerance of sparse data sets. These sparse data sets may be in form of few-
er/ missing projections, limited angle tomography, or non-uniformly spaced projections.
Furthermore, iterative reconstruction techniques are more effective at reducing image de-
fects such as those induced by scatter and metal artefacts (Mueller et al., 1998; Subbarao
etal., 1997). Figure 2.13 illustrates a variety of imaging problems (in sinogram form) for

which ART methods have been shown to be effective.
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Figure 2.13: Data-space partitions corresponding to various scan configurations or com-
mon CT issues in which knowledge of data function within some portions of the data
space is missing (Pan et al., 2009a).

Unfortunately, the ART approach has significant computational cost and is relatively
slow when compared to traditional approaches (Pan et al., 2009b).

The original iterative reconstruction method was developed by Gordon et al. (1970)
for medical CT systems, and further research demonstrated that ART could success-
fully reconstruct images based on only half the number of projections required by back-
projection approaches (Guan and Gordon, 1996). This property has clear benefits for
medical CT, where reduced patient dose through minimising scanning time is a prime
concern. One barrier to the further proliferation of ART, particularly in industrial tomog-
raphy, was the production of strong aliasing artefacts at high cone angles (>20°). Engi-
neering applications of CT with flat-panel detectors often require the cone angle to exceed
this limit, in order to achieve high magnification while keeping the field of view reason-
ably large. Additionally, back-projection methods give better contrast between materials
of similar density compared to iterative methods (Ali et al., 2004).

Variations on ART have been developed since the work of Gordon et al. (1970), the

most popular are as follows:

* Simultaneous Iterative Reconstruction Technique (SIRT,(Gilbert, 1972))
» Simultaneous Algebraic Reconstruction Technique (SART(Andersen and Kak, 1984))

» Multiplicative Algebraic Reconstruction Technique (MART, (Gordon et al., 1970))
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A mathematical comparison of the various algorithms can be found in (Subbarao et al.,
1997).

It appears that although each variation of ART has led to improvements over FBP in
some respect, no version has proved to overcome every weakness of FBP. In fact very
few papers in the literature have demonstrated the applicability of ART techniques to real
data, many simply demonstrate the effectiveness on phantom projections. The predictable
nature of FBP algorithms in terms of computational cost and reconstruction times will
likely prevent the uptake of ART in industrial CT systems in the short-term (Mueller
et al., 1998). Relatively recent work (Pan et al., 2009b) did however show effective use of
SART on a clinical CT system which could reconstruct phantom data in reasonable times.
The incremental increase in image quality is also a limiting factor, whereby the cost-
performance trade-off is not yet a worthwhile investment for industrial CT manufacturers.
Intellectual property rights concerning algorithm implementation are also a barrier (Pan
et al., 2009a). Pan et al. (2009a) also commented on the fact that a large number of
papers are published concerning iterative techniques applied to phantom data, with little
or no follow up in terms of application to real data. The knowledge transfer between
algorithm developers and CT engineers is therefore poor, and is detrimental to the uptake

of alternative reconstruction techniques in commercial practise.

2.5 Image Quality

Although reconstructions of an objects cross section can never exactly replicate the
original, the image quality is mainly determined by the competing influences of noise,
contrast, spatial resolution and artefacts (Dainty and Shaw, 1974; Hammersberg and Man-
gard, 1999; Maans, 2000).

Laboratory CT systems generally employ polychromatic X-ray sources, resulting in
non-optimal energy settings for virtually any imaging task (Hammersberg and Mangard,
1999). This feature is made worse by the complex interaction of various imaging pa-
rameters (such as beam energy and exposure time) and their relationship with final image
quality. Figure 2.14 illustrates the competing influences in obtaining a high quality image,

and the measurements which relate them.
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Figure 2.14: Relationship between image quality parameters (corners) and the measure-
ments used to relate them (sides of the triangle)(Stenstrom, 2001).

2.5.1 Contrast

As previously described, the process of CT imaging comprises reconstructing the lin-
ear attenuation coefficent, p. To be distinguishable, a feature such as a pore or inclusion
needs a linear attenuation coefficient which differs sufficiently from the linear attenuation
coefficient of its background (British Standards, 2009b).

Section 2.3.2.1 described how p varies with photon energy. Figure 2.15 illustrates the
variation of y for a background material (;1,) and foreground material (1¢r), where Ay is

the difference in attenuation between the materials:

Ap= |y — puyl (2.6)
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Figure 2.15: Ay as a function of photon energy, from (British Standards, 2009b).

The image contrast is then typically defined as the percent difference in attenuation of
a material from its background (British Standards, 2009b):

Ap(%) = % % 100 2.7)

As Ay decreases with higher photon energies, choosing the correct beam energy is a
very important factor in maximising image contrast.

Contrast is manifest in a reconstructed slice by a difference in grey value between
an object and background. If no image degradation was introduced by the system, a
line profile across an object in a reconstructed slice, figure 2.16a would be that shown in
figure 2.16b. The sharpness of the edge, i.e. the gradient of the line between 1, and fi,

decreases with decreasing contrast.
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Figure 2.16: Illustration of contrast, from (British Standards, 2009b).

2.5.2 Noise

Due to statistical fluctuations in the photon flux generated from the X-ray source, the
number of photons arriving at the detector per unit time varies. The fluctuations have well
defined characteristics, obeying a Poisson Distribution (British Standards, 2009b). These
fluctuations are termed photon- or shot- noise. Due to the Poisson statistical nature of

photon noise, it can be characterised by the fact that the variance of the signal is equal to
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its mean. Hence, noise is often specified as the standard deviation, o, the square root of
the variance.

If an average of N photons are detected over a given sampling time (i.e. image expo-
sure time), the number of photons actually recorded in the exposure will vary by +v/N
68% of the time (British Standards, 2009b).

Further noise can be added to the image through detector noise and scattered radiation.

To experimentally quantify the noise in a CT scan, o is usually found for a homoge-
nous area containing m pixels within a reconstructed slice. Each of these pixels has some

value, 11;, and a mean given by:

m

fi= % > b (2.8)

=1

The standard deviation is then calculated as:

(2.9)

If m is in the range 25 < m < 100, o is not particularly sensitive to the number of
pixels average (British Standards, 2009b), but does have a positional dependance over the

whole of a reconstructed slice.

2.5.3 Signal to Noise Ratio

The signal-to-noise ratio (SNR) is given by:

SNR = (2.10)

Q=

The SNR is therefore related to the degree of attenuation by an object, and can there-
fore vary significantly across a reconstructed slice if several objects are present in the
background object, such as porosity in a matrix. The SNR will increase with increas-
ing photon counts (a higher signal), therefore improving the image (British Standards,
2009b). This can be achieved for example, by using longer acquisition times for each
radiographic project, or using a higher filament current to generate more X-ray photons

per unit time.

2.5.4 Contrast to Noise Ratio

Increasing image noise, o will cause an increase in the distribution of CT grey values,
14, present in a material. This grey value spread may lead to an overlap in grey values for

different materials, as shown in figure 2.17
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Figure 2.17: Grey value distributions in foreground (ziy) and background (7z;) due to
noise. From (British Standards, 2009b).

The contrast-to-noise ratio (CNR) describes whether the attenuation difference be-
tween a feature and its background is greater than the background noise level. Good
detectibility is said to occur at CNR values of 3 and above (British Standards, 2009b).
The CNR is given by:

ONR = =l Q.11
Op

2.5.5 Spatial Resolution

The spatial resolution of a CT system is measured from reconstructed cross-sections
using the Modulation Transfer Function (MTF). The MTF is ‘the modulus of the one-
dimensional Fourier transform of a Dirac profile convolved by the systems point spread
function (PSF)’ (British Standards, 2009b). The PSF is the response of the system to a
ideal point object. The MTF describes the systems ability to reproduce spatial frequen-
cies. Generally high frequencies, i.e. small features, are not produced as accurately as
low frequencies, i.e. large homogenous features.

The process of measuring the MTF in the case of a cylinder is presented in figure
2.18. Usually the maximum value of the MTF is normalized to unity, and expressed in

line pairs per millimetre (Ip/mm).
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Figure 2.18: Process of MTF measurement, from (British Standards, 2009b).
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2.6 Artefacts

All imaging systems display some form of artificial features in their images, created by
inherent problems in the physics and mathematics of creating the image. These artificial
features are known as ’artefacts’. 1If quantitative measurements are to be made from
CT grey values, these artefacts must be accounted for (adn S.G. Azevedo et al., 1990) .
Typical errors created by artefacts in CT produce artificial patterns in the image, or cause

shifts in grey values.

2.6.1 Beam Hardening Artefacts

The type of X-ray source used in laboratory CT systems produce a polychromatic X-
ray spectrum. The spectrum consists of characteristic peaks imposed on a Bremsstrahlung
background (as shown in section 2.3). The average photon energy of this radiation spec-
trum increases as it propagates through an object, due to the preferential absorption of
low energy photons. As the X-ray beam becomes more penetrating, the linear attenua-
tion coefficent of the object is underestimated away from the edges (British Standards,
2009b). The result is known as the ‘cupping effect’, and gives reduced grey values inside

the object. Figure 2.19 illustrates the problem.

Figure 2.19: Reconstructed CT slice from a test phantom, showing an example of the
cupping effect due to beam hardening. From (British Standards, 2009b)

The beam hardening effect can be compensated for in two ways.

Firstly, filtering the beam prior to its interaction with the sample reduces the energy
shift through the sample, as the lower energy photons have already been removed by the
initial filtration. However, this may be impractical for weakly absorbing materials where

sufficient absorption contrast can only be obtained by the use of low energy photons.
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Secondly, beam hardening correction can be applied to the CT slices during the recon-
struction. By taking projections of a step-wedge of the same material as is being studied
over a range of known thicknesses, the grey values in the projection data can be corrected
to give a true thickness. Research has shown that third-order correction polynomials often
fit step-wedge data well (Gao et al., 2006; Hammersberg and Mangard, 1998; Remeysen
and Swennen, 2006; Van de Casteele ef al., 2004). Beam hardening correction, how-
ever, is specific to a single material. Therefore correction of objects consisting of several

materials is unlikely to be valid for all features within an object.

2.6.2 Edge Artefacts

The finite width of the X-ray beam, which is defined by the focal spot size and each
detector pixel, may produce errors known as edge artefacts in the reconstructed slices.
Each projection represents a convolution of a particular line integral with the profile of
the beam, which results in some loss of spatial information (Kak and Slaney, 1988). Tak-
ing many projections (over small angular increments) can reduce this problem. However,
when there sharp changes in signal level, this spatial error becomes large enough to pro-
duce artefacts which appear as streaks moving away from high contrast edges (British
Standards, 2009b). The artefacts appear due to mathematic non-equivalence in the CT
process; the measured quantity (logarithm of the line integral convolved with the beam
profile) is not equivalent to the required reconstruction quantity (convolution of the beam
profile with the logarithm of the line integral) (British Standards, 2009b; Kak and Slaney,
1988). Figure 2.20 illustrates the edge artefact problem.

Figure 2.20: Streaks at high contrast edges due to edge artefacts. From (British Standards,
2009b).
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Although other types of artefacts can often be corrected by optimised CT conditions,
this is not the case for edge artefacts. Trying to eliminate the source of artefacts by
reducing the spot size and/or detector pixel size to better approximate the line integrals
required for reconstruction causes a large reduction in photon counts (British Standards,
2009b). This photon reduction in turn leads to higher noise levels or longer exposure

times to compensate.

2.6.3 Ring Artefacts

Ring artefacts are systematic errors which are caused by an error in the detector
(British Standards, 2009b). These errors may arise from a faulty pixel, detector non-
linearity or ageing of the detector. Ring artefacts appear as concentric rings, centred on

the axis of rotation, as shown in figure 2.21.

Figure 2.21: Ring artefacts in a CT slice. From (British Standards, 2009b).

Ring artefacts can easily be removed, or sufficiently suppressed by detector calibration
(flat field correction) and/ or software post-processing. Hardware compensation can also
be used. For example, the Nikon Metrology CT systems are able to shift the sample by
small (several pixel) increments between projections to smear out any artefacts from bad

pixels.

2.6.4 Centre of Rotation Artefacts

If the axis of rotation of an object being scanned is not specified correctly, projections

of the object are not backprojected correctly through the volume. This inaccuracy results
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in point-like features being reconstructed as circular objects. Features in the plane of

reconstruction appear doubled, as shown in figure 2.22.

Figure 2.22: Centre of rotation error. From (British Standards, 2009b).

2.6.5 Insufficient Projection Artefacts

In section 2.4, the concept of a minimum number of projections being required to
reconstruct an object was discussed. If the number of projections is insufficient, streaks
may appear in the reconstructed slices which propagate radially from the centre of rota-

tion. This type of artefact is shown in figure 2.23.

Figure 2.23: Artefacts due to an insufficient number of projections. The left image has
50% fewer projections than the right. From (British Standards, 2009b).

Increasing the number of projections to the correct value (between <7 and <7, section
2.4) will reduce the strength of this type of artefact, but the effect is enhanced at the edges

of features where a rapid geometrical change occurs, such as at the corner of a square.
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2.6.6 Cone Beam Artefacts

Three-dimensional cone-beam reconstruction algorithms, such as the one developed
by Feldkamp et. al(Feldkamp et al., 1984) are approximations away from the central slice
(see section 2.4). This results in incorrect descriptions of geometrical features away from

the central slice, as shown in figure 2.24.

Figure 2.24: Cone beam artefacts in a stack of discs. From (British Standards, 2009b).

2.7 Applications in Imaging CFRP Materials

Two-dimensional radiography has been applied to the characterisation of defects and
damage in CFRP materials for many years. The range of penetration energies available
using X-rays allows the inspection of most composite structures. The technique has been
shown to be an effective detection method for non-planar defects such as porosity, voids,
solid inclusions (Crane et al., 2000) . Changes in material thickness and composition can
also be identified. However, many authors have stated contradictory results, observing
that 2D radiography is not particularly effective(Prakash, 1980; Salkind, 1976; Scott and
Scala, 1982). In fact ultrasonic C-scan methods often remain the main NDT technique
used by many companies to qualify materials and components for use on aircraft. Despite
this, 2D radiography has proven useful for investigation of large internal voids, such as
searching for water ingress in honeycomb structures (Jones et al., 1988).

Because a 2D radiograph relies on significant attenuation of the X-ray beam, defects
which are planar and perpendicular to the beam may not be detected. This is also true for
defects which have a similar mass absorption coefficient to the component being inves-
tigated. Hence, defects such as delaminations may go undetected unless radiographs are
taken from multiple angles. Furthermore, as the defects are superimposed onto a 2D sur-

face, any overlapping defects cannot be separated, and depth quantification is impossible.
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Three-dimensional X-Ray CT has overcome many of the above problems. As the
entire cross section of the component can be imaged through reconstruction processes, the
spatial extent of any features of interest can be quantified. For this reason, CT has become
an important tool in materials characterisation. However, as with any NDT technique,
there are limitations to using CT for inspection of composite materials.

These problems include:

* Low X-ray attenuation contrast between fibres and epoxy resins
* High aspect ratio of many composite structures

e Field of view limitations

Recent developments have allowed the above problems to be overcome to varying

extents, as will be discussed in the following sections.

2.7.1 Materials Characterisation

CFRP materials used in load bearing structures such as wing skins and spars generally
employ toughened epoxy resins. A typical atomic composition for an epoxy resin com-
prises 76.66% carbon, 22.76% oxygen and 0.59% hydrogen (Crane et al., 2000), resulting
in a linear attenuation coefficient of 0.2028/cm compared to 0.279/cm for carbon fibres
(at 50keV photon energy). The attenuation contrast between fibres and resin is therefore
very low. In terms of microstructural characterisation therefore, a significant proportion
of work has focussed on features which provide enough contrast with the composite ma-
terial to allow their measurement. This typically includes porosity and cracks or foreign

object inclusion.

2.7.1.1 Porosity

Many research papers have shown successful quantification of porosity in carbon-
carbon and glass fibre-epoxy composites (Douarche et al., 2001; Martin-Herrero and Ger-
main, 2007; Tiseanu et al., 2011; Weber et al., 2010), but few have discussed the problem
in carbon fibre reinforced epoxies. In the case of porosity measurement however, the
principle of measurement is the same regardless of material; the bulk object simply needs
ample attenuation contrast from air (or other entrapped gas) to allow greyscale segmen-
tation of the porosity. In particular, Weber et al. (Weber et al., 2010) demonstrated that
CT is comparative to mercury porosimetry for porosity measurements in carbon-carbon
composites (carbon fibres embedded in a carbon matrix).

Recent work by Centea and Hubert (Centea and Hubert, 2011) demonstrated how X-
ray tomography can be used to monitor the evolution of porosity in out-of-autoclave cured
CFRP. They used a woven pre-impregnated materials (ACG MTM 45-1, the same used in

the experimental parts of this thesis), and interrupted the cure cycle at various time points.
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The work showed how the volume and distribution of porosity changes during the cure
cycle in terms of macro porosity, dry fibre tow area and ply thickness. Figures 2.27 and

2.28 show examples.

2.7.1.2 Fibre Architecture

Due to the small difference in attenuation coefficient between carbon fibres and epoxy
resins, resolving fibre architecture for accurate quantification in CFRP materials is very
difficult. In fact for uni-directional materials with no macroscopic fibre tow geometry,
individual fibres are not resolvable on standard micro-CT cone-beam systems.

In materials such as 2D and 3D woven composites, which are cured out-of-autoclave
(i.e. at pressures ~ 1 atmosphere) the relatively low laminate compaction and high poros-
ity makes identification of fibre architecture somewhat easier. Djukic et al. (Djukic et al.,
2009a,b) demonstrated the use of contrast agents applied to fibre tows and mixed with the
resin can help to improve contrast between the material constituents, allowing segmenta-
tion of fibre tows, resin, and porosity. While the contrast agents were effective in allow-
ing the measurement of tow dimensions and orientations, along with ply thicknesses they
were found to introduce beam hardening artefacts in the reconstructions. Figures 2.25 and

2.26 show examples of the work by Djukic et al.

2mm

Figure 2.25: Cross-sectional image of a CFRP laminate with iodine based contrast agent
coated plies. From (Djukic et al., 2009b).
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2mm : ' 2mm

Figure 2.26: Cross-sectional images of CFRP laminate with gadolinium (III) flouride
coated plies. (a) high artefact area (b) lower artefact area. From (Djukic et al., 2009b).

It should also be noted that although contrast enhancements are suitable for identify-
ing microstructural features, in the case of using additives they could potentially cause a
change in material properties. Therefore if the aim of using CT to characterise materials
is to relate this information to mechanical properties by testing the same samples as are
imaged, the use of contrast agents may not be appropriate. This is also true for large field
of view imaging, where the resolution is not high enough to resolve microstructural fea-
tures but is sufficient, for example, to resolve the global spread of delamination damage
due to impact.
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©

Figure 2.27: 3D renderings of void content evolution during processing. From (Centea
and Hubert, 2011).
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Figure 2.28: Evolution of macro porosity with processing time. From (Centea and Hubert,
2011).
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2.7.1.3 Impact Damage Characterisation

Some of the earliest studies of impact damage using a laboratory type CT system
was performed by Symons (Symons, 2000) in 1999. His work investigated both low
and high velocity impact in UD CFRP materials of 0/90° layup. Symons comfirmed in
three-dimensions how delaminations are distributed throughout the thickness of the panel;
increasing in area towards the back face. Figure 2.29 shows an example of the CT slices

obtained in Symons’ work, illustrating classic delamination and matrix cracking patterns.

Figure 2.29: CT slices at four different positions in an impacted CFRP laminate. From
(Symons, 2000)

The work by Symans using CT led to increases in the understanding of failure pro-
cesses in CFRP, relating the absorbed energy during impact to fracture energy, frictional
work and inelastic matrix behaviour. However, at the time the paper was published, CT
scanners were still using linear detectors which could only acquire a single slice of a single
projection at once, resulting in extremely long scan times which were often impractical
compared to C-scan and optical microscopy.

Very little work employing CT was then published until recently (within the last two
years). With the increased focus on improving material properties, particularly with re-
spect to impact tolerance, several researchers have used CT to analyse impact damage in
modern hybrid materials. These include CFRP materials which include glass fibre layers
(Enfedaque et al., 2010) and the use of through-thickness stitching (Tan ez al., 2011a).

Enfedaque er al. (Enfedaque et al., 2010) examined the impact behaviour of thick
hybrid laminates of woven carbon and glass manufactured by resin transfer moulding
(RTM), under 30-245]J energies. Their work used CT to qualitatively identify failure
mechanisms under impact, were shown to be the same for both plain carbon and hybrid

glass/ carbon materials. Examples from this work are shown in figure 2.30
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Figure 2.30: 3D CT renderings of Impact damage in 20 ply laminates under 92J impact
energy. (a) CFRP (b) CFRP/ glass hybrid. From (Enfedaque et al., 2010).

Tan et al. (Tan et al., 2011a) then used CT to illustrate the improved impact dam-
age tolerance of through thickness stitched UD CFRP laminates. The use of CT allowed
the demonstration of crack initiation at stitch locations due to the presence of weaker
resin rich areas, although overall damage tolerance was improved due to the restriction
of delaminations by the stitches. Furthermore, they showed the damage pattern was con-
strained to a circular region by the stitching, as opposed to a spreading pattern found in
conventional laminates.

Although CT is becoming an important tool for the characterisation of impact damage,
it is apparent from the literature that the tool is generally being employed to qualitatively
described damage. Several reasons may explain this observation; data processing of 3D
volumes is relatively time consuming, and extremely demanding computationally. Fur-
thermore, the trade-offs between resolution, sample size and image quality coupled with
a complex network of damage make identification, segmentation and measurement of

damage difficult.
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2.8 Imaging Large Objects

Due to their laminated structure, CFRP materials have excellent in plane properties
but relatively poor through-thickness behaviour. As a result, CFRP is generally utilised
in thin, shell-like structures such as panels and stiffening members. These structures
therefore have extremely high aspect ratios, and large surface areas.

Most structural applications of CFRP therefore result in objects which are bigger than
the maximum imaging area of typical laboratory based or synchrotron CT imaging sys-
tems. Furthermore, the high aspect ratios can result in insufficient penetration of the X-ray
beam through the object, which can produce misleading results (Helfen et al., 2006).

In general, when an object is larger than the field of view (FOV) available (i.e. the
imaging area of the detector), the projections do not fully encompass the object. These
projections are said to be ‘truncated’, and the methods of imaging objects larger than the
FOV fall into the category of the truncated data problem. Figure 2.31 illustrates how a

truncated projection is formed.

truncated CT detector
portion

L £
scanned object i = sean tield ot -view

Figure 2.31: Illustration of the truncated projection. From (Li and Hsieh, 2007).

Trying to reconstruct an object from incomplete projections using conventional al-
gorithms results in object inaccuracies and image artefacts. Figure 2.32 illustrates an

example of reconstruction artefacts in a truncated data problem.
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Figure 2.32: CT scans of a 48cm diameter polymer phantom. (a) shows the true object,
imaged completely within the FOV, (b) shows artefacts caused by using a regular back-
projection reconstruction when the top edge of the phantom is positioned 8cm outside the
FOV. From (Li and Hsieh, 2007).

Depending on the desired aims of the imaging experiment, several approaches to the
truncated data problem have been devised. These approaches are classified as region-of-
interest (ROI) CT, extended field of view methods, and computed laminography (CL).

2.8.1 Region of Interest CT

Region of interest CT involves the reconstruction of projection data which comprises
a small volume of an object larger than the detector FOV. This allows small volumes of an
object to be imaged at high resolution. In the case of 2D cone and fan beam CT geome-
tries, the problem has been investigated widely to varying degrees of success (Anastasio
et al., 2007; Chun et al., 2004; Faridani, 1997, 2000, 1992a,b).

The majority of studies on ROI scanning have employed data completion methods to
overcome the truncation problem, first implemented in parallel beam geometry. Wiegert
et al. showed that although these methods cannot provide an exact reconstruction of the
ROI, close approximation is possible (Wiegert et al., 2004). The process of data comple-
tion involves filling out the truncated projections, and then applying a conventional re-
construction algorithm. Filling out, or estimating, the missing projection data is achieved
by extrapolating known information about the object. The estimation method works well
for parallel beam geometry as the total attenuation for each projection remains constant
over all projection angles. This is not the case for 3D cone beam ROI’s, and so the same
principles cannot be applied. Although ROI methods for 3D cone beam geometry have
been relatively unexplored (Anastasio et al., 2007) some successful implementations have
been shown.

Many cone beam ROI’s have approached the problem using a priori information about
the object. These methods are generally referred to as zoom-in’ tomography. Chun
et al.(Chun et al., 2004), among others (Gentle, 1990) provided a successful method
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whereby two CT scans are performed on the same object, one at high resolution (ROI),
and one with the entire object within the FOV. The ROI data is then extended around the
edges of the projections by data from the full view scan. Importantly, the data outside
the ROI is not reconstructed, the projections are used to provide accurate data of the line
integrals outside the ROI which then allows reconstruction using normal FBP methods.

Figure 2.33 illustrates the effectiveness of the method.

Figure 2.33: Reconstructions of a contrast phantom from (Chun et al., 2004). (a) Full
FOV reconstruction from complete projection data (dashed circle represents ROI). (b)
ROI reconstructed from incomplete projection data using a conventional fan-beam recon-
struction. (c)ROI reconstructed using a local tomography algorithm by Faridani et al.
(Faridani, 1992b). (d) ROI reconstructed using the zoom-in method.

It can be seen from figure 2.33 that older ROI algorithms (C) preserve high frequency
components such as edges well, but suppress lower frequencies. This results in sup-
pressed grey values for objects within the ROI, and bright rings at the edge of the ROI.
The zoom-in method provides good edge contrast as well as reduced suppression of grey
values within features of interest. A ring artefact is still present at the edge of the ROI,
but is greatly reduced. However, the zoom-in method does require two CT scans to be
performed, resulting in increased scan time and higher exposure to the object (a problem
for biological samples, but not for materials studies).

More recent studies have focused on applying ROI methods to scientific and engi-
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neering studies on synchrotron and laboratory CT systems. Kyrieleis ef al. developed a
simpler data completion method, whereby the sinograms in a projection set are extended
by a constant value from the edge of the truncated projection, as shown in figure 2.34.
They studied a variety of samples including antler, a mouse skull, and a 5.5mm CFRP
laminate using a synchrotron imaging system (Station 16.3 at the Synchrotron Radiation
Source, Daresbury Laboratory and Beamline B16 at Diamond Light Source).

rotation angle

Figure 2.34: Sinogram extension procedure demonstrated using a sinogram of an object
3060 pixels wide. (a) shows a 200 pixel wide ROI cutout represented by the vertical black
lines. (b) shows the ROI laterally upsampled to a width of 4000 pixels. (c) using the pixel
values at the edges, 4000 pixels are added to the edge of the ROI. (b) and (c) are scaled
horizontally by a factor of 3. From (Kyrieleis et al., 2010).

The constant value extension method by Kyrieleis ef al. was shown to accurately re-
construct ROI’s to within 1% of the total sample width. Their method suppressed typical
"glow’ artefacts often associated with ROI reconstruction. Furthermore, they showed that
the ROI may be located away from the centre of the sample and still give acceptable re-
sults. However, artefacts in the form of bright-stripes and ring like artefacts were apparent
in a high aspect ratio CFRP sample, attributed to the long path length through the thickest
direction. Interestingly, the study demonstrated that the number of projections required
using this method of data extension is closer to the limit of < than %7 to give good image
quality.

More recently, Amos et al. (Amos, 2011; Amos et al., 2010) followed on from the
work demonstrated in (Kyrieleis et al., 2010) by developing a ROI method for a cone-
beam industrial CT system. Amos showed that two different methods for extension of the
projection data gave very good reconstructions of CFRP coupons. In the first instance, he
used a sinogram extension method to tail the truncated data to zero. This gave good sup-
pression of ROI artefacts, but errors from missing data still remained. A second method
using model estimation (prior knowledge of the object dimensions and attenuation) was
successful in reducing intensity errors and geometrical errors due to missing data, but was
more complicated and time consuming to implement. This second method however used
a user-generated model of the object, removing the requirement for two scans of the object

(as necessary in zoom-in tomography). Figure 2.35 illustrates the effectives of ROI scans
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in CFRP samples containing small defects using the various extension methods presented
in (Amos, 2011).

Figure 2.35: ROI cone beam reconstructions of a CFRP coupon with laser drilled defects.
(a) Reconstruction from truncated projections using conventional reconstruction at the
mid-plane of the detector. (b) Reconstruction of object in (a) at a high cone angle. (c) Re-
construction of the object using data completion method at the mid-plane of the detector.
(d) Reconstruction using data completion method at a high cone angle.

2.8.2 Region of Interest Algorithms

The approaches to ROI tomography discussed in the previous section are all based
on combining data completion methods with traditional filtered back-projection recon-
struction. It is clear that these methods have been successful to varying degrees but do not
solve the fundamentals of the truncated data problem. Several authors have published sig-
nificant work in the medical CT field which aims to overcome this fundamental problem
through an alternative reconstruction approach. These novel methods are based on the
’Back-Projection Filtration’ (BPF) algorithm developed for a helical scanning geometry
(Zou and Pan, 2004). The method was initially developed to cope with the vertical trun-
cation problem during translation of the source in helical medical CT. The BPF approach
takes the derivatives of each projection before the back projection step. Back-projecting
the derivative produces an image corresponding to the "Hilbert Image’, which can be re-
covered using the 1D Hilbert Transform. Noo et al. (2004) developed the BPF approach
further by incorporating the method in a circular trajectory fan-beam CT system. They

developed a two-step Hilbert transform approach which could also handle transversely
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truncated projections. This research therefore paved the way for direct reconstruction of
ROI’s which are contained within transversely truncated projections. The actual ROI it-
self however must not be truncated in any projections using this method. It should also be
noted that the methods developed by Zou and Pan (2004) and Noo et al. (2004) provide
exact solutions in the case of helical scanning and circular fan-beam trajectories. Figure

2.36 shows an example reconstruction.

Figure 2.36: Simulated fan beam reconstructions of a ’popeye’ phantom with truncated
projections. Top: FBP reconstruction. Bottom: BPF with Hilbert filtering (Noo et al.,
2004).

Defrise et al. (2006) improved upon the data sufficiency criteria required for ROI
proposed by earlier researchers (Noo et al., 2004; Zou and Pan, 2004). They showed
that stable reconstructions could be performed on more restrictive data than previously
thought, such as highly truncated data or limited views. Importantly, they extended the
method to give acceptable results for 3D cone beam data. Figure 2.37 gives an applied
example of this 3D methodology by Cho et al. (2006), published at the same time as the
work by Defrise et al. (2006). Image quality are shown to be significantly improved, and
artefacts reduced in the ROI scan when comparing the BPF to the FBP method.
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(a) Non-truncated data reconstructed using (b) Non-truncated data using BPF method

FBP

(c) ROI reconstructed from truncated data (d) ROI reconstructed from truncated data
using FBP using BPF method

Figure 2.37: Reconstructions of a rat leg comparing FBP and BPF methods (Cho et al.,
2006).

Although these specific ROI algorithms (as opposed to data extension/ FBP methods)
appear to provide good quality reconstructions on phantom (simulated) data, there is lim-
ited evidence of the data applied on real data sets. Many of the authors on the topic note
that in reality, the BPF methods can introduce significant noise and require significant
computational capacity (Bian et al., 2010) reported a recent advance with the application
of the BFP method to a system with a moving source and moving detector which gave
reduced noise. As with the reconstruction approaches discussed in section 2.4.1 however,
the combination of system complexity and computing resources seem to have prevented
the uptake of these methods in industrial tomography.
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2.8.3 Computed Laminography

Computed laminography (CL) is a technique similar to CT which allows effective
imaging of large, flat objects (Fu et al., 2010; Gondrom et al., 1999; Helfen, 2005, 2007).
In CL the sample is rotated at an angle, 6, relative to the X-ray beam, as illustrated in

figure 2.38. This arrangement means that X-ray transmission is similar for all rotation
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Figure 2.38: Experimental set-up sketched for synchrotron-radiation computed laminog-
raphy with monochromatic beam at ESRF beamline ID19. The limiting case of § = 90°
corresponds to computed tomography (Helfen et al., 2006).

Moftat et al. (Moffat et al., 2010) used laminography to image damage in [0/90]; lam-
inates successfuly in two cases. Firstly they showed that laminography could successfully
image microcracks, resin rich regions and single fibres in a small object, comparable in
size to typical CT samples used for synchrotron imaging. The sample was a 1mm thick
laminate which had been subjected to 70% of its ultimate tensile stress to induce crack-
ing. Figure 2.39 shows the sample dimensions used by Moffat et al., followed by example

images of their findings.
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Figure 2.39: Geometry of composite samples used by Motffat et al.(Moffat et al., 2010)
to demonstrate use of laminography to image damage in CFRP.
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Figure 2.40: Comparison of volumes produced using CL (left) and CT (right). From
(Moffat et al., 2010).
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Figure 2.41: Contrast between a crack and composite material in CT (a) and CL (b). From
(Mofftat et al., 2010).

As can be seen from the previous figures, while CL results in noisier and lower con-
trast images compared to CT, the technique is still able to resolve adequate detail in con-
ventional geometry samples. Moffat et al. also showed the technique is suitable for
imaging larger objects by scanning a 70mm x 60mm coupon under in-situ loading. The
experiment successfully demonstrated imaging of progressive cracking was possible us-

ing CL, as shown in figure 2.42.
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250 pm

Figure 2.42: CL images of progressive loading in a CFRP plate showing ply splitting,
delamination and matrix cracking. From (Moffat ez al., 2010).

Other studies have replicated the above results (Xu et al., 2010), but all experiments
have been performed on synchrotron imaging beamlines. This is due to the complexity of
implementing a laminography reconstruction on cone-beam, polychromatic X-ray spec-
trum laboratory CT systems. Currently there are no published papers where this method-

ology has been employed successfully to image large objects on a laboratory system.

2.9 Phase Contrast Imaging

When performing CT scans on materials with a low atomic number, the absorption
contrast is often not sufficient to provide useful image contrast. Imaging of carbon fibre
reinforced polymer composites is a perfect example of this case. Over the last decade,
several imaging techniques have been developed which take advantage of the wave prop-
erties of X-Rays to improve image contrast. The occurrence of diffraction and refraction,
under certain conditions, can give enhanced radiographic contrast due to the presence of
phase contrast. For example, by passing a 20 kV X-Ray beam through a 50 pmbiological
sample, the resulting absorption is on the order of a few per cent while the phase shift is
on the order of m (Weitkamp et al., 2005). The phase, ¢ of an X-Ray beam if shifted when

passing through a material by:

A
)

Where ) is the mean wavelength of the X-Ray spectrum, § is the refractive index of

¢ = o(z)dz (2.12)

the sample, and z is the sample thickness. Recording this phase shift can offer substantial
improvements in image contrast.
Three main modes of imaging are used to obtain phase contrast in X-ray imaging;

¢ Diffraction enhanced
* Propagation (in-line)
¢ Interferometer methods
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These image modes rely in particular on the coherence of the X-Ray beam, as it
this property which determines the occurrence of diffraction and interference. Due to
the requirement of beam coherence, initial phase contrast experiments were developed at
synchrotron facilities. Recently however, propagation and interferometer based imaging
methods have been implemented successfully on laboratory systems.

The first implementation of phase contrast methods were developed for medical ap-
plications at synchrotron sources, using diffraction as the method for generating contrast
Harding et al. (1987). A monochromatic beam incident on an object may undergo devia-
tions of the order of micro-radians due to refractive index gradients within the object. The
transmitted beam passes through an analyser crystal which acts as a diffraction grating,
shown schematically in figure 2.43. X-Rays are therefore diffracted if the Bragg condi-
tion is met to produce constructive interference. These rays then impinge upon the image
detector (Zhou and Brahme, 2008). An angular acceptance range known as the ‘rocking
angle’, dependant on the analyser crystal, allows tuning of the diffracted beam. Various
refraction angles can therefore be recorded, providing information about both absorption

and refraction, as illustrated in figure 2.44.

X-ray image detector

Bragg reflected
X-rays

Monochromator -
Synchrotron #e -’:"f
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- / Transmitted X-rays not reflected

Object outside Darwin width

Figure 2.43: Schematic set-up of a diffraction-enhanced X-ray imaging system with a
synchrotron beam. In the figure, the crystal analyser is drawn to correspond with the high
angle case (# > 0) of Fig. 2.44 (Zhou and Brahme, 2008).
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Figure 2.44: Diffraction-enhanced images of a rod showing that X-rays deviated in the
object through small angles will be reflected with either a greater or lower efficiency
depending on the angle of incidence relative to the rocking curve of the silicon crystal
(Zhou and Brahme, 2008).

Propagation, or in-line, imaging exploits fresnel diffraction to generate phase contrast
and was pioneered by Snigirev et al. (1995) and Wilkins et al. (1996). When an X-
Ray beam passes through an object, the shape of the incident wavefront is modified by
variations in the sample refractive index. If this beam is allowed to propagate over a large
distance, the wave front variations will result in beam interference, producing intensity
variations at material boundaries. If the detector is placed directly behind the object, a
conventional absorption image is formed, while increasing the sample-detector distance
will cause a gradual increase in the phase contrast. Figure 2.45 shows a schematic of the

in-line method.
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Figure 2.45: Schematics of (a) attenuation-based imaging configuration (b) in-line phase
contrast imaging configuration (Zhou and Brahme, 2008)
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Polychromatic X-Ray beams can be used to generate in-line phase contrast, meaning
the method is suitable for use on laboratory scale X-Ray sources. However, the source
must generate a beam with some degree of spatial (lateral) coherence:

ARy

Leon = (2.13)

where L.oh is the spatial coherence length of the source, \ is the wavelength of the X-
Ray, R, is the source-sample distance, and s is the focal spot size of the source. Figure
2.46 illustrates the relative dependence of edge enhancement with the sample-detector
distance. Due to the limited resolution of laboratory X-Ray detectors, the in-line phase
method can take advantage of geometrical magnification, although this may introduce
geometric blurring at high magnifications. Systems such as the X-Radia Micro CT system
at the Henry Moseley X-Ray Imaging Facility makes use of an optical magnification
system to overcome this issue to some extent. In this system, detectors are coupled lenses
of various magnifications using imaging intensifiers on a rotating barrel (similar to an

optical microscope). This set up allows resolutions of approximately 1 pm to be attained.
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Figure 2.46: Dependence of in-line phase-contrast images on the distance between object
and detector. Here, given numerical data for R, are only illustrative, which, in practice,
will depend on the specific system set-up (Zhou and Brahme, 2008).

Interferometer systems are a relatively novel system of imaging, whereby a set of
gratings in the imaging sequence create interference patterns which are dependent on
local variations of refractive index within the sample. As such, the method has proved
suitable for imaging samples with large internal variations of the refractive index. The
method has been employed in work in this thesis, and is therefore covered in detail in
Chapter 7.
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2.10 Chapter Summary

In summary, CT clearly has significant potential as a characterisation and NDT tool for
composite materials. A lack of recent publications regarding the study of impact damage
on laboratory CT systems leaves huge scope for novel research, especially with recent
hardware advances. These hardware advances include high resolution flat panel detector

systems, phase contrast imaging systems and grating interferometry tomography.
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CHAPTER
THREE

COMPOSITE MATERIALS AND IMPACT DAMAGE:
BACKGROUND AND LITERATURE

This chapter provides a brief look at the microstructure of fibre reinforced composites
materials and associated mechanics of damage. Initially, an overview of damage in fibre
reinforced composites is presented, with a detailed investigation of impact damage and

associated research literature.

3.1 Fibre Reinforced Composite Materials

A composite material is often described as one in which two or more phases are dis-
tributed on a microscopic scale (Hull and Clyne, 1996.). Although there is no universally
accepted definition of what a composite material is, the Dictionary of Composite Materi-

als Technology gives the following description:

Composite: ‘A multiphase material formed from a combination of materials which
differ in composition or form, remain bonded together, and retain their identities

and properties’ (Lee, 1989).

It is therefore apparent that composite materials encompass an extremely wide variety
of individual materials, ranging from natural composites such as wood and bone, through
to man-made materials such as carbon fibre reinforced plastic. Composites were used
in the very first aircraft flown by the Wright Brothers in 1903, in the form of a natural
composite; wood (Soutis, 2005). Since then, composite materials have become increas-
ingly successful in the aerospace industry due to their high specific strength and stiffness
compared to typical aerospace materials (Soutis, 2005). Figure 3.1 compares the spe-
cific properties of a range of composite materials and monolithic metals and ceramics.
Long-fibre reinforced plastics have been adopted to a greater extent recently, for example
the new Boeing B787 will employ at least 50% by weight of fibre-reinforced material
(Marsh, 2005). This increased used of composites in aircraft could lead to a possible
40% weight reduction in secondary aero-structures and 20% in primary structures such as
wings (Soutis, 2005).
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Figure 3.1: Specific tensile strength (tensile strength divided by density) as a function of
specific modulus (Young’s modulus divided by density) of composite materials, mono-
lithic metals and ceramics (Zwebe, 2002)

Composites as modern engineering materials are generally used in a form whereby
a strong, brittle reinforcing phase is dispersed within a tougher and more ductile phase
known as the matrix (Hull and Clyne, 1996.). Furthermore, it is generally accepted that
the aim of designing a composite material is to obtain properties which are superior to
those of the individual phases/materials. Composites are generally classified by whether
the composite is naturally occurring or man made, but more often (and more usefully)
by the type of matrix and reinforcement materials. However, these classifications can be
sub-divided depending on the geometry of the reinforcing phase. With respect to matrix
material, composites are classified as polymer-matrix composites (PMCs), metal-matrix
composites (MMCs), or ceramic-matrix composites (CMCs). The reinforcing phase(s)
may then fall into one of several categories. The most frequently used reinforcing geom-
etry in aerospace composites is a continuous fibre with alignment of the fibres. Figure 3.2
shows the various classifications of composite materials with regards to the geometry of

the reinforcing phase.
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Fig. 1 Reinforcement forms.

Figure 3.2: Forms of composite reinforcements. From (Zwebe, 2002).

3.2 Damage in Fibre Reinforced Plastics

3.2.1 Static Failure of Fibre Reinforced Plastics

Due to the anisotropic properties of composite materials, and the fact that interfaces
exist with the material, the damage and failure modes of these materials are relatively
complex. Several mechanisms such as matrix micro-cracking, fibre fracture, fatigue, de-
lamination and environmental factors may all contribute to the failure of a composite
structure (Clyne and Withers, 1993) (Hull and Clyne, 1996.). When a high stress is ap-
plied to a unidirectional lamina, there are several types of failure which may occur (Hull
and Clyne 1996). The failure mode depends upon the type of applied stress, but the three
most important types are shown in figure 3.3.

Fracture of the fibres may occur due to very large stresses parallel to the fibre direc-
tion. Under this circumstance, the matrix will also fail due to the high stresses and the
entire composite will fail. In general, however, fibre reinforced composites are generally
more vulnerable to transverse tensile or shear loading. This is because under these cir-
cumstances the strength of the composite is reliant on the matrix strength, or the strength
of the fibre/matrix interface (Clyne and Withers, 1993). In this case, fracture will occur on
surfaces parallel to the fibre direction either entirely within the matrix, at the fibre/matrix
interface, or within the fibre (Hull and Clyne, 1996.).

Shear failure of a composite often occurs on planes which are determined by the fibre
direction. Figure 3.4 illustrates the six combinations of shearing direction and planes,
along with their associated indices.

The shear mode denoted by the pairs 7,; and 73; are unlikely to occur because there

is generally a high resistance to shear fracture of the fibres. With regards to the remaining
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Figure 3.3: Illustration of failure in a composite as a result of stress exceeding critical
values of (a) axial tensile stress , (b) transverse tensile stress , and (c) shear stress (Clyne
and Withers, 1993)

Figure 3.4: Nomenclature and orientation of shear stresses acting within an aligned fibre
composite (Hull and Clyne, 1996.)
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3.2. DAMAGE IN FIBRE REINFORCED PLASTICS

two shear pairs the magnitude of 7, is the most important. This is because during the
stressing of a thin lamina in the 1-2 plane stresses of the type 73, do not occur. Shear
strength is generally affected by the same factors as the transverse tensile strength due to
stress concentrations in the matrix between fibres.

The failure of an aligned, long fibre composite in compression depends on how the
material is loaded, as well as the degree of lateral constraint. Under axial compression,
fibres will tend to buckle according to the Euler equation. In this case, the buckling of the

fibres is equated to a cylindrical rod.

2E (d\?
TS <Z) (3.1)
Where
* 0, 1s the buckling strength
* Eis Young’s Modulus
* d is the rod diameter
* L is the rod length

Hence, fibres with a high aspect ration (L/d) will tend to buckle more easily. However,
some lateral stability is provided by the matrix, so the Euler equation may provide an
under estimate of the actual compression strength. Figure 3.5 illustrates the process of
buckling, and how tensile and compressive zones are generated on the respective fibre
surfaces. This process leads to fracture in brittle fibres , but in ductile reinforcements,
such as Kevlar™, a kink zone may form (Hull and Clyne, 1996.).

In addition to macroscopic buckling described by the Euler equation, a more common
failure mechanism known as ‘0° fibre microbuckling’ is the most prevalent failure mech-
anism in compression (Berbinau et al., 1999) . As a consequence of this phenomenon
the compressive strength of an aligned, long fibre composite is approximately 60-70% of
the tensile strength (Soutis, 1991). This mechanism of buckling is thought to initiate by
the elastic bending of fibres near a free edge, loaded by shear transfer from the matrix
(Berbinau et al., 1999). This loading then results in rotation and ultimately fracture of the
fibres, forming a kink band, as shown in figure 3.6.

Fracture of the fibres takes place on the compressive surface of the fibres, as the ten-
sile stresses generated have been shown to be too low to cause failure (Berbinau et al.,
1999). Further loading, and hence fibre rotation may also cause matrix failure, causing
the composite to lose its load carrying capability.

Research has shown that in order for a composite to have a high compressive strength,
Euler and microbuckling must be inhibited (Berbinau et al., 1999; Soutis, 1991). Soutis
suggests that this increase in strength can only be achieve by an increase in shear mod-
ulus and shear strength (Soutis, 1997), due to factors such as fibre waviness inducing

significantly larger matrix shear stresses.
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Figure 3.5: (a) Tensile and compressive stresses in a fibre due to in-phase buckling, lead-
ing to a kink zone. (b) Two planes of fracture formed with brittle carbon fibres. (c)
Unfractured kink zone formed with Kevlar 49 fibres (Hull and Clyne, 1996.)

MW
.\
l

4

®

T - Honk band )

Figure 3.6: In-plane buckling of fibres and fibre kink band geometry (Berbinau et al.,
1999)

3.2.2 Impact Damage and Failure Mechanisms

One of the most significant limitations facing the use of composites materials is their
response to localised impact loading (Cantwell and Morton, 1991). Carbon fibre compos-
ites are generally characterised as being vulnerable to impact damage, owing to the brittle
properties of the fibre and matrix materials (Caprino et al., 2007). Prediction of impact
damage development in composites is difficult in comparison to conventional aerospace
materials such as aluminium. At low to medium incident impact energies, metals absorb
this energy through elastic and plastic deformation (Shadbolt et al., 1981). While plastic

deformation will often cause permanent damage in metallic structures, the effects are not
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usually critical (Bradshaw et al., 1973). At higher impact energies, penetration of the
metallic component may occur, but the effect on the strength of the component may be
predicted using fracture mechanics (Avery, 1981).

However, the ability of a composite material to undergo plastic deformation is minimal
(Cantwell and Morton, 1991). As a result energy is often absorbed through the creation of
large fracture areas, ensuing in significant losses of strength and stiffness (Rotem, 1988).
Furthermore, the damage zone is frequently complex in nature and therefore difficult to
characterise (Avery, 1981). Consequently, maximum allowable design strains of only
0.5% are employed in industry to prevent impact failure, and therefore the superior in-
plane properties of composites are not fully exploited (Richardson and Wisheart, 1996).
Further concern with regards to impact loading arises from the geometry of composite
structures, resulting in most impact events causing loading in a transverse direction. Be-
cause of the lack of through thickness reinforcement, damage tolerance in this respect is
particularly poor (Richardson and Wisheart, 1996).

Impact events are generally classified as low or high velocity (Richardson and Wis-
heart, 1996). The manner in which the material responds and damage is induced, depends
on the chemical and physical characteristics of the three composite constituents (fibre,
matrix and interface) and the impact velocity (Cantwell and Morton, 1991). Although
much research has been done in the field of impact, there is still a significant amount of
disagreement in the literature between the definitions of low/high velocity impact events.
Hence the point of transition between the two events is also unclear.

In general, it is reported that high velocity impacts are dominated by stress wave
propagation through the material leading to localised damage as the structure does not
have time to respond. Conversely, in low velocity impact, the response of the target
is highly important. This is because the relatively high contact duration allows elastic
energy absorption and the entire structure can respond (Richardson and Wisheart, 1996).
Several researchers have defined the two types of impact in terms of the damage which
is induced (Joshi and Sun, 1985; Liu and Malvern, 1987). In this context, low velocity is
characterised by damage such as matrix cracking and delamination, and high velocity by
fibre fracture as a result of penetration. In comparison, Cantwell and Morton(Cantwell
and Morton, 1991)considered the testing techniques used to simulate impact events to
classify low velocity as being up to 10ms 1.

Four major modes of failure have been identified in long fibre reinforced composites
(Richardson and Wisheart, 1996)

1. Matrix damage
2. Delamination
3. Fibre failure

4. Penetration
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The energy absorbing capability of the above fracture processes depends on the con-
stituent (fibre, matrix, interface) properties in addition to the impact mode. In gen-
eral, failure which involves fibre fracture results in a large amount of energy dissipation,
whereas fracture of the matrix or interface results in low fracture energies (Cantwell and
Morton, 1991).

3.2.2.1 Matrix Damage

Low velocity transverse impact loading of a composite usually initiates matrix damage
before other damage modes. This damage is mostly in the form of matrix cracks, although
fibre/matrix debonding is also common (Richardson and Wisheart, 1996). Matrix cracks
are usually found to be oriented parallel to the fibre direction, and occur as a result of fibre/
matrix property mismatch (Joshi and Sun, 1985). The typical crack and delamination

pattern found by Joshi and Sun (Joshi and Sun, 1985) is illustrated in figure 3.7.

2 3

51 1 Matrix cracks T 1 1

(a) Transverse view (b} Longitudinal view

Figure 3.7: Initial impact damage in an impacted 0/90/0 composite plate adapted from
(Joshi and Sun, 1985)

The cracks in the upper and middle layers shown in figure 3.7 are known as shear
cracks (Choi et al., 1991a). These cracks are inclined at 45°and are formed due to the
high transverse shear stress, which is related to the contact force and area. The cracks
on the lower surface (figure 3.7 (a)) are induced by a high tensile bending stress and
termed a ‘bending crack’ (Richardson and Wisheart, 1996). The bending stress is related
to the flexural deformation of the material, and the cracks are characteristically vertical
(Jih and Sun, 1993; Lee and Sun, 1993). Cantwell and Morton deduced that the type of
matrix cracking observed after impact is dependant also on the geometry of the specimen

. They showed that short thick specimens result in high peak contact loads due to higher
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stiffness, leading to transverse shear cracks in the upper plies. Conversely, long thin
specimens display bending cracks in the lower plies due to high deflections as a result of
lower stiffness (Cantwell and Morton, 1989).

3.2.2.2 Delamination

Delamination of a composite laminate can cause significant reductions in strength and
stiffness, and as such is a critical failure mode (Pagano and Schoeppner, 2000). Research
has shown that delamination may reduce the load bearing capability of a composite by
50% (Cantwell et al., 1983)A delamination is described as a crack running in the matrix
between plies of different fibre orientation, but not between lamina of the same ply group
(Richardson and Wisheart, 1996; Wang, 1979). Figure 3.8 shows some of the sources of

delamination.
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Figure 3.8: Generic sources of delamination (Pagano and Schoeppner, 2000)

Liu demonstrated that delamination occurs due to bending stiffness mismatches be-
tween adjacent plies (Liu, 1988). It was found that the level of delamination increases as
the angle between adjacent plies increases. Liu defined a coefficient of bending mismatch
revealing a 0/90 laminate to be the worst case scenario, hence the larger the mismatch,
the larger the delamination area. Schoeppner and Abrate (Schoeppner and Abrate, 2000)
demonstrated that a ‘threshold load’ exists for composite materials, below which an im-
pact will not cause delamination damage. This was identified by a sudden load drop in
the load-time history during impact testing due to laminate level damage. Furthermore,
it has been shown that delamination will only occur where matrix cracks already exist
(Choi et al., 1991a,b). Joshi and Sun (Joshi and Sun, 1985)researched this interaction
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between matrix cracking and delamination in 0/90/0 laminates. It was found that matrix
shear cracks of the type shown in figure 3.7(a) are halted by the change in fibre direction

at the laminae interface, and as a result propagate as a delamination between the layers.

3.2.2.3 Fibre Failure

Failure of the fibres in a composite is a precursor to catastrophic failure, and generally
occurs after other mechanisms such as delamination and matrix cracking (Richardson
and Wisheart, 1996). Fibre failure occurs due to locally high stresses (mainly in shear) in
proximity to the impactor, whereas high bending stresses on the non-impacted face cause
failure in this region. The energy required for fibre failure on the non-impacted surface is
given as (Dorey, 1988);

o*wtL

Energy = 18E; 3.2)

Where:

* o = flexural strength

» E; = flexural modulus

w = width
* [ = unsupported length

* t = specimen thickness

3.2.2.4 Penetration

Penetration of a composite occurs when fibre failure has reached a critical level, al-
lowing to impactor to pass through the material (Lee and Sun, 1993). Penetration tends
to occur more often in high velocity impacts due to the localised nature of the impact
(Cantwell and Morton, 1989).

A simple analytical model for the energy absorbed during penetration is given by
Dorey (Dorey, 1988);

Energy = mytd (3.3)
Where:
* v = fracture energy

* d = diameter of impactor

* t = plate thickness
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3.2.3 Effect of Component Properties on Impact Performance

The properties of the constituents of a composite material determine the ’threshold’
energy or stress to activate any particular failure mode during impact (Richardson and
Wisheart, 1996). The following sections discuss the effect of each constituent on impact

properties.

3.2.3.1 Fibres

A wide range of mechanical properties are currently attainable for different fibre ma-
terials. As a result, it is often difficult to separate effects due to mechanical properties
from those due to geometrical factors (e.g. fibre diameter), and interfacial properties (e.g.
chemical bond strength) (Cantwell and Morton, 1991). Adams (Adams and Miller, 1975)
found the impact resistance of S-glass and Kevlar composites to be more than five times
that of a Modmor II carbon fibre composite in Charpy tests. Beaumont et al. showed that
E-glass and Kevlar composites failed progressively as opposed to carbon fibre reinforced
composites which failed catastrophically at maximum load (Beaumont et al., 1974). This
was attributed to the ductility index (DI) of the fibres (the ratio of energy associated with
crack propagation compared to that during crack initiation). It was shown that carbon
fibres have a low DI, and hence a low energy absorbing capability leading to poor impact
resistance. Several researchers have also compared the impact performance of different
types of carbon fibres. It has been shown that type II fibres (high strength) offer superior
impact resistance (Bader and Ellis, 1974; Hancox and Wells, 1973). Izod impact testing
by Chamis et al. (Chamis et al., 1972) showed that the main energy absorbing mecha-
nisms in composites are interlaminar shear deformations and flexure. They also found
that the area under the linear portion of stress-strain curve gives a good indication of a
material’s impact resistance, with larger areas under the curve representing a more effec-
tive energy absorbing material. Further work by Beaumont took into account the energy
absorbing mechanisms during micro-mechanical failure processes, giving equations for
the work of de-bonding and fibre pull-out (Beaumont, 1979). Beaumont gives the work
of de-bonding as:

B 7Td2UJ2cld
‘T 4E,

(3.4)
Where:

e [.= afd/ 2m, the critical transfer length

» 7 = constant frictional shear stress

Beaumont went on to state that fibre pull-out is the is the main mechanism responsi-
ble for toughness in carbon fibre composites, as opposed to fibre sliding for glass fibre
composites (Beaumont, 1979). Equation 3.4 reveals work to pull-out is strongly depen-

dant on the fibre diameter, hence in theory a larger fibre diameter should perhaps improve
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the impact properties of carbon fibre composites. In contrast to this theory however, fi-
bre manufacturers have gradually decreased the diameter of fibres as this offers increased
failure strains (Bradshaw et al., 1973; Cantwell and Morton, 1991). Current fibre diam-
eters may be around Spum compared to 7-8um for the first generation of carbon fibres.
The improvement in failure strain has increased the strain energy absorbing ability of the
fibres, resulting in improved impact properties.

Under low velocity impact, where the specimen response is important, it is clear that
reductions in fibre diameter offer a better all-round solution to impact properties as op-
posed to increasing the fibre diameter. However, under high velocity impact where the
specimen response is more localized, it may be that large diameter fibres offer a better
solution to impact resistance due to local energy absorbing mechanisms such as fibre pull
out becoming more important (Cantwell and Morton, 1991).

3.2.3.2 Matrix

The polymer matrix in a fibre-reinforced composite has several functions. The matrix
acts to align, stabilise and protect the fibre, as well as ensuring stress transfer between
fibres (Cantwell and Morton, 1991; Richardson and Wisheart, 1996). Although the fibres
are responsible for carrying most of the load, the properties of the matrix are critical.
An example previously mentioned is that impact induced delamination can cause a 50%
reduction in strength (Cantwell et al., 1983). Most structural fibre-reinforced plastics
employ thermoset polymers, in particular epoxy resins as they meet the hot/wet com-
pressive strength requirements. However, epoxy is brittle and hence has a low toughness
leading to problems with delamination (Richardson and Wisheart, 1996). Several meth-
ods have been employed in matrix systems to improve interlaminar fracture toughness.
These include the use of tough rubber or thermoplastic particles (Bascom et al., 1981;
Sela and Ishai, 1989), the addition of thin tough interlayers (C.Ruiz and Xia, 1991; Sun
and S.Rechak, 1988), and the use of plasticising modifiers (Sela and Ishai, 1989) among
others. However, despite improvements in matrix toughness generally decreases other
mechanical properties and the improvements seen in the pure matrix material are never
fully transferred to the composite (Cantwell and Morton, 1991). This is thought to be
due to restriction of the crack-tip plastic zone by the fibres, hence negating to a certain
extent the increased toughness of the matrix (Cantwell and Morton, 1991). Thermoplas-
tic matrices have also been successfully employed to increase the toughness of composite
materials, and can give an increase in toughness an order of magnitude greater than ther-
moset matrix composites (Richardson and Wisheart 1996). However, inferior properties
with regards to chemical resistance, thermal stability, creep and fibre/matrix bonding have
limited the use of thermoplastic matrices (Sela and Ishai, 1989). Research conducted by
Williams and Rhodes (Williams and Rhodes, 1982)showed the impact induced damage
and residual properties varied dramatically between modified and unmodified graphite/e-

poxy composites. They demonstrated that brittle systems generally failed by extensive

85



3.2. DAMAGE IN FIBRE REINFORCED PLASTICS

delamination, as opposed to tougher systems failing in transverse shear near the impact
site. Furthermore, the authors concluded that the tensile performance of the pure matrix
has a considerable effect on the impact properties of the composite. Additionally, it was
stated that to improve impact properties, the matrix strength should exceed 69MPa and
its failure strain should be greater than 4%. The matrix should also have a shear strength

exceeding 3.1GPa to provide adequate compressive strength.

3.2.3.3 Interface

The surface of the fibres in a composite is often treated to improve the level of ad-
hesion between the fibre and matrix (Cantwell and Morton, 1991) resulting in a three-
dimensional layer which has its own distinct properties (Lehmann, 1985). Carbon fibres
are treated in an oxidative process, the extent of which determines the bond strength with
the matrix. This bond strength has a significant effect on the mechanical performance
of the composite (Cantwell and Morton, 1991). Research has shown that fibres with low
levels of surface treatment tend to result in failure of the composite at low transverse
stresses, leaving smooth fibres at the fracture surface. An increased level of fibre treat-
ment results in failure within the matrix at a higher stress, due to the increased strength
of the fibre/matrix bond (Bradshaw et al., 1973; Lehmann, 1985). Rogers et al. (Rogers,
1971) demonstrated that a fourfold increase in the energy required to initiate damage
during impact could be obtained by increasing the fibre/matrix bond strength. However,
at higher energies it was shown that the residual properties of fibre-treated composites
decline sharply up to the perforation limit (Dorey, 1980), as shown in figure 3.9. Fur-
thermore, it can be seen that the perforation limit is dramatically lower in a fibre-treated

composite compared to one in which the fibres are not treated.
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Figure 3.9: Residual flexural strength versus impact energy for ballistically impacted
surface-treated and untreated carbon fibre composites (Dorey, 1980)
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Dorey explained the above results with regards to the transverse fracture energy of
a composite (Dorey, 1980). He stated that the transverse fracture energies for treated
and untreated fibre composites are 20kJm~2 and 60kJm 2 respectively. However, despite
these fracture energies, figure 3.9 shows that above the energies required to achieve pen-
etration, the residual properties of the treated fibre composites are much better than for
the untreated composites. This characteristic is due to the fact that in treated fibre com-
posites, the impact damage is localised around the point of impact, often forming a clean
hole (Rogers, 1971).

3.2.3.4 Stacking Sequence

In addition to the fibre stacking sequence affecting the mechanical properties of a com-
posite, research has shown that it also significantly affects the impact resistance (Dorey,
1975; Morton and Godwin, 1989). Several researchers have shown that incorporating
+45°surface plies into a composite can offer increased impact resistance and residual
strength (Dorey 1975; Morton and Godwin 1989). An example of these results is shown
in figure 3.10.
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Figure 3.10: Residual compressive strengths of 6376/T400H after ring-supported im-
pacts(Morton and Godwin, 1989)

Dorey later explained that these surface plies increase the flexibility of the composite,
improving the elastic energy absorption and therefore improving the impact resistance
(Dorey, 1982). Dorey also stated that these +45°surface plies also act to protect the load
bearing 0°fibres from impact induced damage. Cantwell and Morton demonstrated that
the low velocity impact damage incurred in +45°laminates depended upon the thickness,
and therefore the stiffness of the structure (Cantwell and Morton, 1989). They showed that
failure in thin, flexible targets initiates in the lowermost plies due to the bending induced

stresses. Conversely, failure initiates on the top surface of thicker, stiffer composites due
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to the contact stress at the impact site. The results are shown in figure 3.11.
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Figure 3.11: Low velocity impact energy to initiate damage vs. target thickness for (+45°)
CFRP composites (Cantwell and Morton, 1989)

A model developed by Liu proposed that delamination is most likely to occur in a com-
posite when there is a large mismatch in bending stiffness, for example between £45°plies
(Liu, 1988). It was shown by Liu that the level of delamination increased with angle g
in a (0°/q°) glass-epoxy laminate. Liu’s research suggests therefore, that sudden large
changes in fibre direction should be avoided to reduce delamination as a result of bending

stiffness mismatch.

3.23.5 Geometry

Testing of simple CFRP beams has shown that the span-to-depth ratio can determine
the mode of failure in low-velocity impact (Cantwell and Morton, 1991), and specimen
geometry is fundamental in determining the overall impact response of a composite . In
low velocity impact, long thin beams have been shown to fail in flexure, compared to short
thick beams failing in an interlaminar mode(Bradshaw et al., 1973; Cantwell and Morton,
1989; Morton and Godwin, 1989). In contrast to low velocity testing however, tests at high
velocity (Cantwell, 1988) have shown that specimen geometry becomes less important.
Cantwell tested this theory on large and small plates, and found that the damage area was
similar in both small and large plates for a given impact energy. This observation suggests
therefore, that under high velocity impact, small coupons can be tested to characterise the

behaviour of larger structures (Cantwell and Morton, 1991).
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3.3 The Role of Modelling in Composites Design

The ability to predict how a composite structure will behave under load is becoming
an increasingly important tool in composites design. The use of finite element analysis
(FEA) to model composites can improve design efficiency, and help to substantially re-
duce development costs. The spiralling costs involved with large scale testing of structural
elements when compared to material coupon tests, also justifies the use of FEA to give an
economic advantage.

Many decades of research efforts have been directed towards modelling the various
failure mechanisms in composite materials, and as such many different modelling strate-
gies exist. The complex nature of composite materials and structures manufactured from
them means that no single modelling approach can account for damage and failure un-
der all possible conditions. This complexity arises due to the range of possible lay-up
configurations, geometries, loading conditions and failure mechanisms which may occur.
Additional variations such as material choice (e.g. toughened or non-toughened resin
systems), fibre architecture, and manufacturing routes all add to the complexity of mod-
elling. Furthermore, FE modelling is only of use when valid material properties are used.
This applies equally for modelling materials in terms of linear elastic modelling (e.g. for
deflections under load), damage onset, or damage propagation.

It is beyond the scope of this thesis to review all possible modelling approaches, there-
fore this section will give a brief overview of the available methods with some illustrative
examples. The reader is directed to the literature for detailed information on specific
modelling strategies. Excellent reviews of failure theories can be found in works such as
Hinton et al. (2004); Mishnaevsky and Brgndsted (2009); Orifici et al. (2008).

Failure criteria are broadly classified into two main categories- strength based, and
fracture mechanics based. These fields can then be classified according to whether they
consider general failure as opposed to specific failure modes, and whether they consider
in-plane (intra-laminar) or out-of-plane (interlaminar failure). When modelling composite
materials and structures, one must consider the length scales over which these failure
criteria can occur. These length scales include sub-ply, ply, laminate, structural detail and
component levels (Orifici et al., 2008). Therefore, the engineer has the option to model the
mechanical behaviour and failure of a composite in an extremely wide ranging context.
Furthermore, the choice of modelling strategy will strongly depend on the computational
resources and material data available, and the complexity of the structure being modelled.

Considering the range of strategies and opportunities for analysing composite struc-
tures, modelling has proven successful in applications ranging from predicting the me-
chanical properties of novel 3D woven composite materials to the crash response of com-

posite helicopter fuselages.
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S22 Max 75MPa

(a) Drape modelling of a textile preform  (b) Predicting mechanical properties in a
(Woong-Ryeol et al., 2005) woven composite (S. Daggumati, 2010)

trough undemeath
center sliffener

u,v,w: displacements

v

(c) Modelling skin-stiffener de-bonding in an aircraft panel
(Krueger et al., 2009)

Figure 3.12: Examples of composite modelling

3.3.1 Modelling Low Velocity Impact Damage

The modelling of impact damage in carbon fibre composites has been the subject of
much research over the last 30-40 years, and a multitude of modelling approaches exist
for this specific area of damage analysis. In general, research has approached the problem

by considering damage in terms of four main areas (?):

¢ A failure criteria approach
* A fracture mechanics approach
* A plasticity or yield surface approach

* A damage mechanics approach

All the above approaches generally scrutinise a particular parameter to predict and

monitor the onset and progression of damage and failure.
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Failure criteria approaches have been employed since the early work on modelling the
strength of composite structures. Values such as stress, strain, force, displacement and
rotation (among others) have all been used to determine the state of damage. The material
is considered to be irreversibly damage once a particular criteria has been satisfied. The
failure criteria approach is therefore suited to applications such as ’first ply failure’ of a
laminate, or the failure of a structural assembly. While the failure criteria approach is
one of the simpler modelling strategies, it is limited to addressing distinct failures and is
not suitable for analysing the progression of damage such as delaminations or cracks (?).
The method has proved useful for its simplicity, and more complex implementations have
been demonstrated whereby several failure criteria can be combined for complex loading
cases. The earlier implementations of stress/ strain based criteria can only provide a fail-
ure index appropriate to a macro-scale failure, such as the Tsai-Wu (Tsai and Wu, 1971)
and Maximum Stress/ Strain theories (Tsai, 1992). Other criteria however, can provide
indications of constituent (fibre/ matrix) failure, such as the Hashin (Hashin, 1980) and
Puck (Puck and Schiirmann, 2002) criteria. The major recent development in this area
has been with the introduction of the LaRC03 and LaRC04 criteria (Maimi et al., 2006;
Pinho et al., 2005). Choudhry (2009) compared various stress-strain based criteria for lap
joints under low velocity impact, and found the physically based LaRC03/04 criteria to
give the most realistic results.

lL| Joint: v = 6.68m/s

25 mm LI:KH int: v = 6.
Spvis: CO3 Matrix Compressive Failure
Frame 8: Time 1.4ms

Figure 3.13: Matrix compression failure in a GFRP lap joint subject to low velocity impact
(Choudhry, 2009).

Fracture mechanics approaches consider the growth of existing defects. While clas-
sical fracture mechanics were developed for metals, and considered the propagation of a
single crack based on strain energy release rates, the situation is analogous to propagation
of a delamination. This approach has therefore proven useful for predicting the growth
of delaminations and their effect of structural integrity, as well as fibre-matrix debond-
ing and the evolution of matrix cracking. The use of classical fracture mechanics has al-

lowed researchers to discover the importance of loading rates, crack growth directions and
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ply orientations (among many other factors), on the propagation of damage. One of the
most significant advances in modelling since the introduction of fracture mechanics ap-
proaches was the development of the Virtual Crack Closure Technique (VCCT) (Rybicki
and Kanninen, 1977). While this approach successfully demonstrated realistic delamina-
tion propagation in simple geometries and loading conditions, its use has been shown to
be inappropriate for modelling low-velocity impact damage due to strict requirements in
its implementation. These requirements include prohibitive crack tip element sizes, self-
similar crack tip growth, and the existence of a pre-crack with a finite length (Yang and
Cox, 2005). These conditions were overcome by significant improvements in composite
specific fracture mechanics approaches by authors such as Borg et al. (2004) and (Yang
and Cox, 2005). These researchers implemented the approach known as cohesive zone
modelling, which more accurately captured delamination propagation in transverse load-
ing (e.g. impact) conditions without the restrictions imposed on VCCT. Figure 3.14 gives

an example of the geometrical context of cohesive zone modelling.

closed crack

Cohesive zone

Figure 3.14: Principe behaviour of a cohesive zone model (Borg et al., 2004)

Wisnom (2010) provides an excellent review of cohesive zone modelling, highlighting
significant papers in the field. For example, the work by Bouvet et al. (2009) showed
excellent correlation between predicted and experimental impact damage results for uni-

directional carbon laminates, as shown in figure 3.15
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Figure 3.15: Comparison of impact damage on (03/455/905/ — 455)s laminate at equal
displacements (Bouvet ef al., 2009).

More recently, researchers have developed the field of continuum damage mechanics
(CDM) as an approach to modelling damage. CDM allows the full range of events in
the damage sequence to be modelled, from the initiation of various forms of damage in a
material, to the progression of this damage and subsequent laminate/ part/ structural fail-
ure. This approach effectively combines the approaches of failure criteria models (such
as strength based criteria), with fracture mechanics concepts within a single modelling
strategy. In order for this behaviour to be modelled, CDM employs material degradation
parameters whereby material properties are reduced in response to damage progression.
These degradation parameters are defined within the material constitutive behavior. Many
different failure modes can therefore be incorporated into the same model, such as fibre
fracture, matrix cracking and buckling in compression (Orifici et al., 2008). Furthermore,
the CDM approach can be used to model composite materials on the micro- or meso-scale.
Unit cells can be modelled to analyse fibre, matrix and interfacial damage explicitly, while
averaged properties can be used to define ply failures on the meso-scale. Similarly, struc-
tural components such as stiffened panels can be modelled using this approach. Iannucci
and Willows (2006) made significant progress in the field of CDM to model low veloc-
ity impact damage in woven composites by formulating a coupled damage-strain damage
mechanics model. Their approach utilised cohesive zone modelling in conjunction with a
stress threshold for damage commence and a critical energy release (fracture mechanics)
to allow propagation of delaminations. Many variations on the CDM approach can be
found in the literature, for specific materials and loading cases. For example, specialist

formulations for 3D woven composites and through-thickness stitched composites exist.

3.4 Chapter Summary and Conclusions

Clearly the impact damage response of composite materials is a complex subject area.

Advances in materials engineering are of key importance to improving the impact damage
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tolerance of CFRP. Understanding the microstructural response of materials can help to
improve the materials design through fibre architecture, resin chemistry and processing
methods. As will be seen in the following chapters, X-Ray tomography is a particularly
useful tool for helping in this improvement process as it allows a three-dimensional non-

destructive analysis of the damage inside a component.
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CHAPTER
FOUR

DUAL-ENERGY IMAGING OF HIGH ASPECT RATIO
CFRP PANELS

4.1 Introduction

Due to the laminated structure and highly anisotropic behaviour of CFRP materials,
structures manufactured from these materials are often plate-like in geometry. This geom-
etry results in very high aspect ratio structures (thickness to width ratio). The high aspect
ratio of CFRP structures presents a significant challenge when employing non-destructive
techniques for the inspection, due to the highly variable attenuation of radiation in the
thickness and width directions. In the case of X-Ray tomography, this means that the
optimum beam energy to give a good quality projection will not be the same for all pro-
jection angles.

Industrial tomography generally approaches this problem in several ways:
* physically cutting the sample the reduced the aspect ratio;

* stacking samples if multiple are available, and the stack will still fit within the

detector field of view;

 performing imaging under beam conditions which give acceptable results over the

most projection angles, accepting the loss in image quality.

This chapter presents a novel dual-energy method for imaging high aspect ratio CFRP
plates using a laboratory X-ray CT system. The procedure involves performing two CT
scans at different X-ray accelerating voltages, each optimised for the thinnest and thickest
X-ray path lengths through plate respectively. The projections from the two CT scans
are then combined into a single set of radiographic projections which can then be recon-
structed using conventional algorithms to give an improved CT data set. The procedure
involves acquiring attenuation data about the candidate materials, developing beam hard-
ening correction parameters, and combining the two projection sets using a computational
method in Matlab. The technique uses conventional reconstruction code, and is therefore

easy to implement on any CT system.
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Previous applications of dual-energy CT have focused on optimising contrast between
materials of different atomic number. This approach is particularly apparent in the med-
ical industry where contrast between various soft tissue structures is important. Authors
such as Kalender et al. (1990) and Petersilka et al. (2008) demonstrated practical imple-
mentations of dual-energy medical CT. However, in this context dual energy CT has been
implemented through the use of dual X-Ray sources and detectors. Figure 4.1 shows an

illustration of a dual-source-detector set up common in many medical CT systems.

Rotation
direction

Figure 4.1: Schematic illustration of dual-source CT using two image detectors (Peter-
silka et al., 2008).

The approach used in medical CT reduces patient dose and prevents the potential prob-
lems of image registration when two sequential scans (high and low energy) are performed
using a single source-detector setup. Effectively, the dual-source-detector approach re-
sults in two separate reconstructed volumes which then have to be decomposed to give
the true ’dual-energy’ data. The expense of such a system appears to have prevented its
uptake in industrial CT.

A similar approach has been used in airport baggage/ security scanners where quantifi-
able material thickness and chemical identification is required, such as the identification
of explosives Singh and Singh (2003); Ying et al. (2007).

More recent approaches have attempted to improve the imaging problem by the de-
velopment of novel imaging sensors. Increased dynamic range detectors, and those with
the ability to discriminate particular X-Ray energies have been shown to be effective.
For example, Sia et al. (2011) have recently developed a hybrid photon counting energy
sensitive detector array based on a CdZnTe material. While the detector allows energy
selective imaging and can therefore reconstruct specific energy ranges, the detector is too
small for most industrial CT applications due to manufacturing costs and scaling issues.

Work by Amos (2011) approached a similar issue to that covered in this thesis to com-

pensate for significant differences in absorption in CFRP- aluminium joints. However,
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while his approach gave improved results, a fairly complex thresholding procedure was
required to separate low- and high-attenuation regions in the radiographs prior to recon-
struction. Nachtrab et al. (2011) developed a dual-energy approach based on an original
approach by Heismann et al. (2003). Their work aimed to quantify density measurements
in materials samples using industrial tomography. Their procedure was based on a Ist
order linearisation procedure, and again needed calibration. While Nachtrab et al. (2011)
improved the atomic number range over which the technique could work compared to
Heismann et al. (2003), again the approach requires two separate reconstructions in addi-
tion to calibration against a known object.

While the approach used in this work draws on elements of the above dual energy
methods, the implementation is slightly different. While all previous approaches have
aimed to improve contrast between different chemical species, the work presented here
aims to account for significant variations in material thickness. It is shown that a sim-
pler approach to combining multiple energy data sets can be taken because a material
calibration step (as in medical dual energy CT) is not required. Otherwise, a standard
back-projection algorithm can be used for reconstruction, as all data processing is per-
formed on the radiographs prior to any reconstruction. As a result, only one reconstructed
data set is generated as opposed to two for the examples which are present in the literature.

The aim of the work presented in this chapter was therefore:

* To develop an image processing algorithm which successfully combines multiple
CT scans to produce an improved CT data volume compared to a ’compromised’
CT scan

* Implementation of this algorithm on an industrial CT scanner
This aim was achieved through the following objectives:

* Manufacture of step-wedges of both uni-directional and woven CFRP materials

* Acquisition of a range of radiographic projections to quantify linear attenuation

coefficients of candidate materials

* Acquisition of a range of radiographic projections to quantify the effect of material

thickness and accelerating voltage on image quality
* Deduction of beam hardening correction coefficients for both candidate materials

* Development a Matlab script to combine dual-enery projection sets

4.2 System Overview

The CT system for all the tomographic imaging in this thesis (except Chapter 7) is the

Nikon Metrology 225kV custom bay. This system is based on a commercially available
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X-ray system, which has been customised to accommodate large samples and provide
expanded beam capabilities up to 320kV by means of an interchangeable source. The

general specification of the equipment is as follows:

* Microfocus X-ray source, with a minimum focal spot size of 5-10pum

* Maximum accelerating voltage of 225kV (expandable to 320kV)

e Maximum tube current of 2mA

* A multi-metal target, consisting of Copper, Molybdenum, Silver and Tungsten
* A 5-axis sample manipulator with 50kg load capacity

* Cone beam geometry allowing sample magnification up to 300X

* Walk-in enclosure measuring 2 x 2 x 2m

Radiographs are collected on a Perkin Elmer XRD 1641-AN monolithic amorphous

Silicon digital X-ray detector, which has the following specifications:
* 4,000,000 effective pixels in a 2000 x 2000 array
e 100pm pixel pitch
* 16 bit data acquisition, giving 65,535 grey levels
* Image exposure ranging from 250ms to 4000ms

The system is operated via:

* A windows XP control PC operating Nikon Metrology Inspect-X software

* A windows XP acquisition PC operating CT Agent data acquisition software and

CT Pro reconstruction software

Figure 4.2 shows the CT system

Figure 4.2: Nikon Metrology Custom CT bay with 225kV X-ray source (left), 5-axis
sample manipulator stage (centre) and 2000 x 2000 pixel flat panel detector (right).
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The CT system is a cone-beam geometry configuration, which results in geometrical
magnification (M) of the object as illustrated in figure 4.3, and determined by equation
4.1).

Focal Spot Object — i} Penumbra, U
i 2 Uy

" J — -_-_:::-'—:-'-":'_'_'::h Detector Plane
aieleisy - =~
r e

Key

s = Apparent spot size

a = Source to abject distance

b = Object to detector distance

Figure 4.3: Cone beam geometry showing origin of magnification and penumbra blurring.

(a+b)

M=

(4.1)

As the X-ray focal spot is not infinitely small, a penumbra forms at the edges of the
object, as illustrated in figure 4.3. The size of the penumbra, also known as geometric

unsharpness (U,) is related to the spot size given by (4.2).

b
Uy =sx~ “2)
a

Figure 4.4 illustrates the effective pixel size at various magnifications.
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Figure 4.4: Effective pixel size vs. magnification.

Due to the geometrical magnification, the detector field of view decreases with in-
creasing magnification. This relationship means that in general, the sample size must
decrease with higher magnifications to stay within the field of view. There is also a prac-
tical reason in that the sample must also be able to rotate without hitting the X-ray gun.
Figure 4.5 illustrates the maximum sample width which can be imaged within the FOV at

various magnifications.
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Figure 4.5: Maximum sample size vs. magnification factor.
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4.2.1 System Calibration

In order to acquire accurate radiographs (and therefore accurate CT scans), several
procedures must be carried out in order to ensure precise operation of the system. These

are:

* Voltage conditioning
* Source-detector alignment

* focus optimisation

Voltage conditioning comprises stabilising the potential difference which generates
the X-rays (by accelerating electons onto the target material). The accelerating voltage is
set to the maximum (225kV), and the ‘auto conditioning’ option selected. This generates
a potential difference between the anode (X-ray filament) and cathode (target material),
but does not apply a current to the filament, hence no X-rays are produced. X-rays can be
generated effectively when the actual voltage reaches the maximum voltage and becomes
stable.

Source-detector alignment involves setting geometrical alignment of the X-ray source
and image detector so that the centre of the cone beam aligns with the centre of the
detector. This is performed by placing a calibration rod into the sample holder on the
sample manipulator, and taking radiographs at low and high magnifications. If the system
is aligned correctly in the horizontal and vertical planes, a vertical edge in the centre of
the radiograph will remain in the same position. Likewise, a horizontal edge placed at the
horizontal centre of the radiograph will remain in the same position.

Focus optimisation ensures that the electron beam is focused on the target material
correctly, resulting in the smallest possible spot size and sharp images. To carry out this
procedure a printed circuit board with fine features (down to Spm) is imaged at high
magnification. Initially, course correction is performed by direct control of the magnetic
steering coils inside the gun. Once a reasonable image is obtained, fine control can be
used to optimise the focus at low, medium, and high voltages (typically 60, 120 and 225
kV). Interpolation is then applied by the Inspect-X software to apply focus correction at

all voltages.
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4.3 Theoretical Background to Dual Energy Imaging

4.3.1 Optimising Image Quality

The derivations in this section are collated from a range of sources and general imag-
ing principles (Chesler et al., 1977; Hughes, 1963) In order to achieve the best image
quality in a CT scan, the signal-to-noise ratio of the projections must be maximised. Each
spectral component of a polychromatic X-ray beam is exponentially attenuated (see sec-

tion 2.3.2) , resulting in the number of photons, N, reaching the detector being:

N(X\) = Nyep(A)e [ Haps D (4.3)

Where

A is the X-ray wavelength
N, is the number of photons when no object is present (white reference)
[tabs 1S the absorption coefficient

[ is the path length through the object

N,y takes into account the source spectrum and the detection efficiency at each wave-
length. The number of photons detected at each wavelength can be modelled as a Poisson
distribution, and since the sum of independent Poisson distributed random variables also
follows the Poisson distribution, so does the total detected counts summed over all wave-

lengths:

Ntot — / N(A)d(N) = / AN, f(N)e ™/ HavsODl (4.4)
0 0

For a Poisson distribution with a mean N, the standard deviation is given by the
square root of N and the probability tends to a normal distribution.

The transmittance, 7', of a polychromatic beam is given by:

Ntot

- Ntotref (45)

The standard deviation for T can be calculated by combining the N** and N, ¢, which

for large photon counts is given by:

T 1 gtotref?
or = Ntotref T + Ntotref (46)

The reference image is taken as an average of multiple exposures to reduce the image

noise in o*°*7¢/ . Next, the polychromatic absorbance, A is:
A= —In(T) 4.7)
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and has the standard deviation:

or 1 1 N gtotref? 4.8)
O — — — ——— — [ .
AT T Ntwotref VT T Ntotref
The signal to noise ratio in a projection is therefore given by:
A Ntot ref
— = —VTiInT (4.9)
A \/Ntotref + T‘O—totref2

Using the FDK cone-beam reconstruction algorithm (Feldkamp et al., 1984) involves
the summation of absorbances after applying a Fourier filter, resulting in the reconstruc-
tion noise being highly dependent on the noise in A.

In a simple case where the white reference has the same noise as the projections:

A T
,/Ntotrefl T R 4.1
oA n(T) 1+7T (4.10)

The function in (4.10) varies with 7" as shown in figure 4.6. The optimum transmis-
sion for maximum signal to noise ratio is at 7" = 0.109, i.e. approximately 11% beam

transmission.
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Figure 4.6: Theoretical variation of signal-to-noise ratio with beam transmission.

It can therefore be deduced that for an object with a high aspect ratio, the optimum
SNR for the maximum and minimum material thicknesses would occur at drastically dif-
ferent beam energies. Combining two sets of radiographic projections, each optimised for

a particular material thickness could potentially overcome the SNR problem.

4.3.2 Combining Multiple Projection Sets

The process of combining two projection sets into a single volume, often referred to

as dual-energy imaging has been around for many years. The technique was originally

103



4.3. THEORETICAL BACKGROUND TO DUAL ENERGY IMAGING

developed by Alvarez and Macovski (1976) to improve the contrast of biological struc-
tures in medical applications. Since then, most dual-enery developments have been in
the medical field. Many medical CT sytems now incorporate a dual source-dual detector
arrangement so that both CT scans are performed within the same time frame, minimising
patient dose.

The dual-enery technique relies on the decomposition of the linear attenuation coef-
ficient at a a specific energy, 1( E) into a linear combination of basis functions (equation
(4.11)). The following derivations are summaries of the dual-enery work performed by
Alvarez and Macovski (1976); Gingold and Hasegawa (1992); Lehmann et al. (1981);
Stonestrom et al. (1981). A further summary can be found in (Remeysen and Swennen,
20006)

Where a; f; is the basis function for ¢« = 1,2, ....,n. In the case of a dual-enery scan,
1 = 2, and the basis functions are the mass attenuation coefficients of the material under
consideration at the two energies. Equation (4.11) therefore becomes:
mE) _, palB) | 1slE) 4.12)
P Pa Ps
where p is the density of the material, (11, /p.) and (ps/ps) are the mass attenuation

coefficients at £, and L5 respectively, and a, and ag are the basis functions. The line

integral of equation (4.12) is:

/,u(x,y, E)ds = A, (%) + Ag <’;—§) (4.13)

where A; = [ pa;(z,y)ds, with j referring to the basis functions « and 3. A; there-
fore represents the length of material at each energy. In the case where the object is in
the detector’s field of view at all rotation angles, each pixel makes the same contribution
in both scans, so the two scans can be combined to form a single CT data set. However,
because the X-Ray source is polychromatic, beam hardening can give incorrect material
lengths (more so as lower energies). To ensure each scan makes the same net contribution,
the projection sets must be corrected for this beam hardening. Section 4.4 to 4.8 covers
the procedure employed to deduce the beam hardening corrections required.

Previous applications of dual-energy CT have focused on optimising contrast between
materials of different atomic no., however it is proposed that the same method can be used
to compensate for the large variation in material thickness in high aspect ratio samples,

using the same procedure.

Two cases for dual-enery scanning were tested in this work. Both were performed
on a laminated composite plate measuring 89 x 55 x 2.8mm consisting of uni-directional

carbon-epoxy plies. The plate had been impacted using a drop weight impact testing
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machine at an energy of 12 J. Further information about the specimens and impact testing
procedure can be found in Chapter 5 which covers the application of CT to imaging low
velocity impact damage.

In the first case, two CT scans were performed at different energies. After correcting
for beam hardening, the projection sets were combined into a single projection set, simply
by summing and averaging the absorbances. This procedure is the same as that cited in
equations (4.11) to (4.13). This method will be referred to as "Case 1" in the remainder
of this work.

In the second case, the projections were again combined but this time a weighting
factor was applied. The weighting factor gave a 90% weighting to the projection with
the highest SNR. From section 4.3.1 we saw that the optimum SNR will depend on the
fraction of transmitted X-rays, hence the low energy projections will be favoured when
imaging the thin direction of a panel, and vice versa. In this second case, however, each
pixel does not make the same contribution to the net absorbance at all projection angles.
Therefore summing the projection sets does not give a correct result. To account for the
weighting, one of the projection sets must be scaled to produce the correct thickness. This
was achieved by experimentally deriving the linear attenuation coefficient of the material
at each X-Ray energy on the Nikon 225kV CT system, which can then be used to scale
the projections to the true thickness while maintaining the SNR. The specifics of the dual-
enery CT experiment are provided in section 4.9. This method will be referred to as "Case

2" in the remainder of this work.

4.4 Manufacture of Step Wedges

In order to characterise the X-ray absorption properties in terms of attenuation and
beam hardening characteristics, step-wedge panels were manufactured from both the
MTM-45 UD and woven materials. The step wedge procedure is common practice in
the X-ray field for characterising materials, and has been reported in several publications
(Hammersberg and Mangard, 1998; Van de Casteele et al., 2004). The method involved
manufacturing a component of the material under investigation which has steps of varying

thickness which can be exposed to X-rays so that incremental path lengths can be imaged.

4.4.1 Panel Manufacture

Both materials studied in this work were supplied in pre-impregnated (pre-preg), un-
cured rolls 600mm wide. The materials are stored in a freezer to prevent curing. Rolls
were stored at room temperature for 12 hours before removal from a sealed bag to prevent
condensation build up. From these rolls, plies of 300mm x 300 mm were cut and lami-
nated onto a flat steel tool surface which is coated with a polytetrafluoroethylene (PTFE)
release film. For the panel with UD plies, each ply was laid down in an alternating orienta-

tion, symmetrical about the mid-plane of the laminate. Sixteen plies were used, resulting
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in a lay-up of 16:(0/90),. The plies of the woven material have both 0° and 90° fibre di-
rections, so all plies are laid in the same orientation. Again, a total of sixteen plies were
used.

To reduce the amount of porosity in the final plate, and aid laminate compaction, a de-
bulking procedure was employed during lay-up. The laminate stack was covered with a
perforated PTFE release film, nylon peel ply and nylon breather material. This stack was
then covered with a de-bulking cover (a rubber sheet framed with aluminium and rubber
base seals) and connected to a vacuum hose providing 0.08MPa vacuum. The laminate
was de-bulked for ten minutes after the first ply is laid, and every 3 plies subsequently.
Once all plies had been laid, the laminate stack was covered with the required vacuum

bagging materials as shown in figure 4.7.

1| Vacuum Valve Attachment 6 | Nylon Film

2 | Breather Fabric 7 | Steel Top Plate

'3. FTFE Release Film -‘::‘-_' PTFE Release Film
|4 | Laminate Stack 9 | Vacuum Sealant

Base Plate

Ly

8]

Ln .-l'i-' Lad

Figure 4.7: Vacuum bagging arrangement (Coenen, 2003).

The vacuum bagged panels were transferred into an autoclave for curing. This process
applies heat and pressure to the laminate stack in order to consolidate the plies into a solid
plate. Curing is the process of cross-linking the polymer network of the epoxy resin, in
order to provide a solid medium through which stress can be transferred to the fibres. As
both pre-preg materials used in this study comprise the same epoxy resin material, the
step-wedge panels were cured together at a maximum temperature of 180" and pressure
of 0.7MPa (7 atmospheres). The heating rate was 2°C per minute. A thermocouple was
taped to the vacuum bag inside the autoclave to monitor the part temperature during cure.
The temperature-time relationship during cure, also known as the ’cure cycle’ is shown
in 4.8(a). The differential of the data in 4.8(b) gives the heating rate, which is shown not
to exceed the manufacturer’s specification of 3°C per minute at any point during the cure

cycle. The cure cycle used was according to that specified by the material supplier.
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Figure 4.8: Cure cycle characteristics.
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After removal of the solid laminates from the autoclave, both panels were sectioned
using a diamond saw. The panels were sectioned in step-like increments ranging from
Imm to 256mm, each increment being double the thickness of the previous. Figure 4.9 is

a photograph of the finished UD step-wedge.

Figure 4.9: UD step-wedge.
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4.5 Radiographic Imaging of Step Wedges

To quantify the response of the CFRP materials to X-rays, radiographs of each step-
wedge were taken over a range of voltages with all four target materials (Cu, Mo, Ag, W).
The step wedge was mounted on a sample holder fitted to the 5-axis manipulator gantry
in the 225kV CT bay. The object was positioned with the long edge of the plate Scm from
the exit window of the X-ray source, so that only one step section was exposed during

radiography. A schematic of the imaging set-up is shown in figure 4.10.
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Figure 4.10: Schematic of step-wedge imaging experiment (not to scale).

Each step section was imaged from 20kV to 220kV in 10kV increments. It was found
that to reduce noise to acceptable levels, the best approach was to image each step-section
under the maximum possible exposure time of 4s, and average over 4 repeats per ex-
posure. It was also found that all sections should be imaged at a given voltage, before
increasing the voltage to the next value. This procedure was required due to image *burn’
which occurs under higher voltages. The detector was left to return to a stable condition
for 10 minutes between voltage increments. Imaging conditions are shown in table 4.1.

A black reference image was collected before the detector had been exposed to any
X-rays, using a 4s second exposure averaged over 4 frames with no detector gain. A white
reference was also taken at each voltage increment under the conditions shown in table
4.1 but with no sample in the field of view.

Figure 4.11 gives examples of an 8mm section of the UD panel imaged under various
voltages using the W target. The images are un-corrected, and so the outlines of the
detector segments are visible, as well as the X-ray intensity variation over the detector

area (bright in centre, reducing radially).
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Table 4.1: Step-wedge imaging conditions.

Image Parameter Value
Accelerating voltage | 20kV-220kV
Filament current 250pnA

Exposure time 4s
Frames averaged 4
Detector gain off
(a) 60KV (b) 70kV (c) 80KV

Figure 4.11: 8mm step-wedge section imaged under various voltages. These images are
uncorrected, direct from the detector.

4.6 Image Analysis of Step Wedge Radiographs

Over 300 images were collected of each step-wedge sample, including black and white
references. In order to deal with this amount of data, Matlab code was written to extract
the necessary information from each radiograph.

The code performed the following operations on each projection:
1. Flat field correction

2. Calculation of transmittance

3. Calculation of absorbance

4. Calculation of linear attenuation coefficient

5. Calculation of signal-to-noise ratio in the absorbance image

The parts of the calculations which required values from the area within the object
were performed on a crop from the central region of the projection. This technique was
used to ensure measurements were taken through the actual thickness under consideration,
as at increased thickness the rear surface of the step-wedge has a different magnification
from the front. This results in a smaller area of the projection where the path length is at

the value required. This principal is shown in figure 4.12.
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Path length variaton
due to magnification

factor \

Figure 4.12: Radiograph of 64mm step section from UD step-wedge showing crop area
for image analysis and magnification factor introducing variation of path length. Imaged
using W source at 80kV and 200uA.

4.7 Step-Wedge Imaging Results and Discussion

Figures 4.13 to 4.16 show the transmittance curves for the Cu, Mo, Ag, and W targets
respectively. The transmittance is the fraction of incident photons transmitted through the

object, according to 4.14
T=— (4.14)
Where

T is transmittance
I is the intensity of transmitted photons

Iy is the intensity of incident photons

A transmittance value of 0 means that no photons penetrate the object, while a value

of 1 means all photons pass through the object.
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Figure 4.13: Transmittance vs. accelerating voltage for UD step-wedge using Cu target.
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Figure 4.14: Transmittance vs. accelerating voltage for UD step-wedge using Mo target.
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Figure 4.15: Transmittance vs. accelerating voltage for UD step-wedge using Ag target.
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Figure 4.16: Transmittance vs. accelerating voltage for UD step-wedge using W target.
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From the previous figures it can be seen that the transmittance data follow trends
which would be expected from theory. In general, for a given thickness of material, the
fraction of transmitted photons increases as the accelerating voltages increases. Likewise,
the transmittance can be seen to generally decrease for a given accelerating voltage as ma-
terial thickness increases. Many of the transmission lines appear to reach a transmittance
value of 1, implying that all photons are penetrating the object. As the spectra at these en-
ergies still contain low energy photons however, it cannot be possible that all photons have
been absorbed. The most likely explanation for this observation is that the detector has
reached saturation under these conditions. When calculating the T values, the penetration
1s measured relative to the background counts (/y). Therefore when the penetration levels
reach the detector saturation point, the transmittance will have a value of 1. In practice,
however, this still limits the imaging capability at voltage-thickness combinations where
T=1 from the calculations, and the effective transmittance can indeed be said to be 1.

By plotting data sets from figures 4.13 to 4.16 together for the different target materi-
als, the response of the material to the different X-ray spectra can be compared. Figures
4.17 to 4.19 compare the variation of the absorbance for the UD step-wedge over a range

of voltages for the different target materials.
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Figure 4.17: Variation of transmittance with accelerating voltage through 4mm of material
for different target materials.
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Figure 4.18: Variation of transmittance with accelerating voltage through 8mm of material
for different target materials.
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Figure 4.19: Variation of transmittance with accelerating voltage through 16mm of mate-
rial for different target materials.

Up to accelerating voltages of approximately 70kV, the Cu, Ag, and W spectra show
very similar transmission profiles, with the Mo target giving slightly lower transmittance.
Above 80kV, however, the Cu target begins to show significantly lower transmittance
compared to the other target material spectra. As seen in section A.5.2, at low energies
the Cu and Mo spectrum have very similar characteristics. Although the Cu spectrum has
fluorescence peaks at slightly lower energies than the Mo spectrum (8.0keV and 8.9keV
compared to 17.4keV and 19.6keV), and therefore may be expected to show lower trans-
mission, the Mo spectrum has a much higher flux at low accelerating voltages. This extra
flux means that a higher proportion of the total flux are absorbed compared to the Cu

spectra, resulting in lower T values. At higher voltages the Cu spectra were shown to
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have a higher flux in the low energy fluorescence peaks compared with the Mo target,
explaining why the transmission profiles are lower for the Cu spectra at higher voltages
in figures 4.13 to 4.16.

Several anomalous transmittance values are seen in figures 4.13 to 4.16 at 20kV and
30kV accelerating voltages. These values are circled in red. These anomalous values ap-
pear to show increased transmittance values from what would be expected. It is proposed
that these values occur due to the inefficiency of X-ray production at such low voltages.
As aresult of very low photon counts the image noise is very high and the white reference
image has the same intensity as the black reference image resulting in no effect on the
image when the sample is placed in the field of view. These values were not used in sub-
sequent calculations of absorbance and linear attenuation coefficients for beam hardening
corrections (section 4.8).

Further information can be obtained about the X-ray characteristics of the materials

can be obtained by deriving the absorbance function, A, from the transmittance. A is given
by:

A= —lni = —In(T) (4.15)
Iy
The SNR of A is particularly important as reconstruction comprises the summation of
absorbances. The values of A and associated SNR values were derived from the radio-
graphic data using the Matlab code mentioned in 4.6.
Figure 4.20 shows an example of the variation of SNR with T for a 32mm section of

the step-wedge imaged using the Cu target.
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Figure 4.20: SNR vs. T for 32mm step-wedge section compared to theoretical prediction.

Figure 4.20 illustrates how the maximum SNR occurs at a transmittance of 14.5%,
slightly above that predicted by theory (11%, see figure 4.6). By normalising the maxi-
mum value to 1, the figure shows that the measured values agree well with theory with
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regards to the general fit of the data.

4.8 Beam Hardening Correction for CFRP Materials

A polychromatic X-ray source is used on the Nikon Metrology 225kV CT bay, result-
ing in beam hardening artefacts occurring during reconstruction. This concept was intro-
duced in section 2.6.1. The average photon energy increases as the beam passes through
the object, causing an underestimation of the linear attenuation coefficient towards the
edges of the sample. This effect must be compensated for if a dual-enery CT scan is to be
performed, so that the reconstruction algorithm can estimate the true thickness of material
in each projection.

To achieve this, a beam hardening correction procedure using the data acquired from
the step-wedge was used. This method uses a polynomial approximation to correct from
a measured value of absorbance, to a correct value of absorbance, therefore allowing a
correct approximation of thickness. Dainty and Shaw (Dainty et al., 1976) demonstrated
that a third-order polynomial can be successfully used to correct for beam-hardening of
a polychromatic source. The procedure uses the roots of the polynomial to linearise the
non-linear absorbance-thickness curve, an example of which is shown in figure 4.21 from

experimental data (Cu target at 100 kV).
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Figure 4.21: Beam hardening correction for Cu target at 100 k'V.

In order to check the suitability of the beam hardening correction, three CT scans were
performed on sections of the UD and woven step-wedges at 32, 64, and 128mm. The ap-
propriate third-order polynomials were applied using Matlab to the projection sets, which
were then reconstructed using CT Pro software. The following figures (4.22 to 4.24) il-
lustrate CT slices from the un-corrected and corrected reconstructions for each thickness.

Line profiles are plotted across the largest dimension of each sample to compare the effect
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of the beam hardening correction.
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Figure 4.22: Illustration of beam hardening correction for 32mm step wedge sections.
Imaged at S0kV.
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Figure 4.23: Illustration of beam hardening correction for 64mm step wedge sections.
Imaged at 100k V.

119



4.8. BEAM HARDENING CORRECTION FOR CFRP MATERIALS

-

400 600 800 1000 1200 1400 1600 1800 2000
Distance across object/ pixels

Uni-directional

1200 1400 1600 1800 2000

400 600 800 1000
Distance across object/ pixels

(a) Uncorrected woven (top) and UD (b) Line profiles across (a)
(bottom) CT slice

L A
0 200 400 600 _ 800 1000 1200 1400 1600 1800 2000
Distance across object pixels

Uni-directional

s, L
e

(] 200 400 600 800 1000 1200 1400 1600 1800 2000
Distance a ject/ pixels

(c) Corrected woven (top) and UD (d) Line profiles across (c)
(bottom) CT slice

Figure 4.24: Illustration of beam hardening correction for 128mm step wedge sections.
Imaged at 150kV.

In all three examples, the uncorrected images show reduced grey values in the centre
of the objects due to beam hardening. As the above figures show, the beam hardening
correction worked well for both materials across a range of thicknesses. By applying the
appropriate correction polynomial this cupping effect was removed, restoring the cen-
tral grey values to a correct value. In section 4.7 the data suggested that the absorption
characteristics for both UD and woven materials were very similar. This observation is
supported further by the beam hardening correction results, as by imaging the UD and wo-
ven sections together and applying the same correction, it can be seen that the correction

works successfully for both materials.
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4.9 Implementation of a Dual Energy Imaging Technique

This section describes how a dual-energy imaging procedure was implemented from
observations made in the previous sections. This technique allows two CT scans per-
formed at different energies to be combined, resulting in an optimised CT scan for high
aspect ratio objects.

Section 4.8 showed the successful application of beam hardening correction parame-
ters derived from the absorption measurements taking of CFRP step-wedge samples. In
order to implement a dual-enery scan, these values are important as they allow two pro-
jection sets to be combined by correct deduction of the thickness of material from any
radiograph. Effectively, two projections of a given material thickness taken at different
accelerating voltages will give the same result by dividing the absorbance by the linear
attenuation coefficient at each energy, if the attenuation is properly corrected for beam
hardening:

_4n _As (4.16)
HE, HE,

where ¢ is the material thickness, Ap, and Ap, are the absorbances at two different

t

energies, and pp, and pp, are the linear attenuation coefficients at two different energies.
Ap, and Ag, were determined experimentally, allowing pp, and pug, to be calculated
according to (4.16)

By combing the absorbance images, and converting back into an artificial transmit-
tance image (i.e. a radiographic projection) for all angular projections, two scans at dif-

ferent energies can be combined and reconstructed correctly.

4.9.1 Process Outline and Experimental

In order to produce a dual-enery CT scan, two individual scans are performed at ac-
celerating voltages appropriate for the maximum and minimum material thicknesses for
the object under investigation. The projection sets for each scan are then combined using
a Matlab algorithm which was written by the author, this code can be found in Appendix
B.

The code has a user interface which initially asks for the location of each projection
set (referenced by the ‘.xtekct’ file, which is produced by the data acquisition PC). The
user then enters the coefficients of the appropriate beam hardening polynomials for each
scan.

The code then loops through each angular projection for both scans, calculating an
absorbance image and performing a beam hardening correction. As mentioned earlier,
two cases of the dual-enery technique were applied. In case 1, the corresponding angular
absorbance images were simply summed and averaged.

In case 2 at each increment, the absorbance images were added with a weighting func-

tion applied in order that the projection with the highest signal-to-noise ratio is dominant.
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A weighting of 90% was used. However, in this case, each voxel does not now make the
same contribution to the final projection set (as mentioned in section 4.3.2). To compen-
sate for this, the high energy projections were scaled by the linear attenuation coefficient
to produce an absorbance which gave the same thickness as the low energy projection.
This scaling therefore artificially reconstructs the true thickness of the object, as opposed
to the absorbance value.

In both cases each dual-enery absorbance image is converted back into an new, dual-
enery transmittance image (radiographic projection), and written to a new image file. This
new projection set can be reconstructed using the commercial software CT Pro.

Figure 4.25 shows a graphical representation of the process of combing the CT pro-

jection sets using the case 2 approach.
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Figure 4.25: Process flow for combining two CT scans into a single, dual-enery projection

set.
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To test the effectiveness of the dual-enery approach, two objects were scanned un-
der low- and high-energy conditions. Each object was also scanned a third time using
’compromised’ beam conditions. The compromise conditions are obtained by ensuring
a penetration level of at least 10,000 counts through the thickest object dimension with-
out saturating the detector at any other projection angle (procedure according to Nikon
Metrology User Manual).

The object imaged was an impact damaged sample of the same dimensions as the
sample used for the damage tolerance study in Chapter 5.

The impact test sample was imaged at 40kV (LE), 110kV (HE), and 90kV (compro-
mise). Scanning the impacted object allowed the algorithm to be tested on an object with
internal features (i.e. cracks) and a high aspect ratio.

In order to simplify the procedure for this proof-of-concept stage, several assumptions
about the object are made. These assumptions also reduce the amount of prior information
which needed to be known about the sample, reducing the amount of experimental data

which had to be acquired when acquiring the absorption data in 4.5. The assumptions are:

1. The material’s response to X-Rays is isotropic and independent of ply orientation

with respect to the beam path

2. The material is homogenous

No beam filtration was used in the dual-enery experiments performed in this work.
This was to maximise absorption by maintaining low energy photons in the beam, but
also to reduce the amount of beam hardening correction polynomials which had to be

experimentally obtained.
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4.9.2 Results and Discussion

Figure 4.26 shows the central reconstructed cross section of the impacted sample, un-
der the three beam conditions studied (compromised scan, and the two dual-enery cases).
Each image shows the regions from which image quality calculations were made (boxes
1 and 2) and the location of the line profile which is shown in figure 4.28. Boxes A, B,
and C are shown at higher magnification in figure 4.27.

Apparent from the images is that both cases 1 and 2 give a geometrically correct
reconstruction, i.e. they both reconstruct the thickness of the object correctly. As a result,
the edges are sharp and the damage features are reconstructed correctly with no artefacts.

To compare the images, SNR and CNR were calculated from from the areas outlined
in figure 4.26. Five repeat scans were made under the same imaging conditions to obtain

statistical significance.

SNR— L1 4.17)
01

CNR— 172 (4.18)
01

where 1 is the mean pixel value in box 1, 2 is the mean pixel value in box 2 and o is

the standard deviation of the pixel values in box 1.
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(a) Compromise scan

(b) Dual energy case 1

(c) Dual energy case 2

Figure 4.26: Reconstructed cross sections for the compromised energy scan and the two
dual-enery cases.
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(a) Compromise scan (b) Dual energy case 1

(c) Dual energy case 2

Figure 4.27: Zoomed views of selections A, B and C from 4.26

Table 4.2 gives the results of the image quality tests. It can be seen that both meth-
ods of dual-enery imaging have given an improvement in both SNR and CNR. Case 2,
however, shows a much greater increase than case 1. Comparing case 1 with the compro-
mised scan, a mean increase of around 20% and 30% in the SNR and CNR respectively
are seen. It is likely that this image quality improvement arises from the fact that we
are averaging over 2 projections when creating the dual-enery projection in case 1. As
a result, background noise becomes smoothed giving an increase in SNR and CNR. In
case 2, we are still averaging over 2 projections, but the SNR and CNR see a much larger
increase; 66% and and 109% respectively. This implies that both the noise and contrast
have both been improved significantly in case 2. By weighting for the low thickness in
many of the projections, the absorption is kept high giving good contrast, and likewise for

the high thickness projections.

Table 4.2: Image quality results for the compromise and dual-enery cases.

Beam Condition SNR CNR
Compromise 9.42 (£0.81) | 3.87 (£0.88)
DE case 1 11.48 (£0.63) | 5.56 (£0.78)
DE case 2 15.70 (£0.56) | 8.09 (£0.65)

The results given in table 4.2 are demonstrated by the line profiles across MM’ from
figure 4.27. Figure 4.28 shows that although case 1 gives slightly better image quality, the

contrast between the object and background is not improved. As a result, the damage is
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no more apparent within the object- the troughs in the line profile are virtually identical in
the compromised and dual-enery case 1 scans. In case 2, however, the contrast between
object and background is significantly improved. This results in the line profile troughs at

the damage interfaces becoming much more pronounced.
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Figure 4.28: Line profiles across MM’ from figure 4.27.

By applying an image threshold based on the background greyscale in each image
(figure 4.29), it is apparent that the compromise scan produces a much noisier threshold,
which includes pixels which are not damage. This noise is reduced in case 1, and even

further in case 2.
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(a) Compromise (b) Dual energy case 1

(c) Dual energy case 2

Figure 4.29: Resulting damage threshold when applying a threshold to the object equiva-
lent to the background grey level in each case.

Although the noise in figure 4.29 is not particularly severe, applying noise reduction
image filters could also remove some of the damage pixels. Although manual interaction
is generally always necessary when segmenting such complex damage features (as will
be seen in Chapter 5), any reduction in noise during the acquisition is extremely useful.

Consideration should also be given to whether the imaging experiments described rep-
resent a fair comparison between the compromised and dual energy cases. Specifically,
this consideration arises because the dual energy cases are combining two projections
per radiograph, compared to only one for the compromise case. For case 1, two radio-
graphs were combined and averaged, while in case two the projections were combined on
a weighted contribution. From the experimental data it was observed that case 2 gave the
best improvement in image quality under the conditions investigated. This method used
a weighting of 90% in favour of the image with the highest signal-to-noise ratio. There-
fore only a small contribution from the second image was averaged into the dual energy
data set. It could feasibly be proposed that the comparison is therefore valid, and that
the dual energy approach would give a more efficient signal-to-noise ratio for high aspect
ratio objects, as opposed to increasing scan times by using multiple averaged frames per
projection, increased exposure time or higher numbers of projections. For completeness
however, it would be of use to perform a full test matrix comparing all possible com-
binations against a dual energy case, although this would take a significant amount of

time.
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4.9.2.1 Effect of Projection Misalignment

As the dual-enery procedure requires performing multiple scans, each projection set
to be combined must have equivalent angular projections to prevent image blurring when
summing the absorbance images. To ensure this agreement occurs, the rotation motor was
calibrated to a very high number of projections by running a CT scan (with no sample) to
8000 projections. The Inspect-X acquisition software can then automatically correct the
error in the rotation.

Plotting the rotation angle versus projection number for two consecutive scans us-
ing 3142 projections and 2s exposure time, shows that a slight angular error still exists
between the two scans. Figure 4.30 illustrates the data for two consecutive scans. The

maximum error was found to be 0.06°.
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Figure 4.30: Angular data for two consecutive CT scans under the same imaging condi-
tions.

For the sample sizes investigated in this section, however, this error seems to have no
effect on the image quality. All features within the impact damaged object appear to be

reconstructed as sharply in the dual-enery scan as for the conventional scans.

4.9.2.2 Large Panels

Once it had been shown that the dual-enery method would work on the CFRP test
coupons, it was hoped that the method could be applied to a panel with an extremely high
aspect ratio. This would be a worst case scenario, where the degradation in SNR caused

by the aspect ratio could cause problems in detection and/or image segmentation of any
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defects. In order to test the dual-enery method, a defect panel supplied by the National
Physical Laboratories (NPL) was imaged using a compromised energy setting, with a
filtered high energy X-Ray spectrum and the dual-enery method. The panel was manu-
factured from uni-directional plies of carbon fibre reinforced epoxy in a quasi-isotropic
lay-up. The panel contained polymer inserts as defects which varied in shape and size.

Figure 4.31 is a photograph of the panel.

300 mm

Figure 4.31: Photograph of NPL defect panel.

The panel was imaged using beam settings which were compromised for the high
and low thickness directions, as well as under dual-enery conditions. Table 4.3 gives the
settings used in each scan. No filtration was used in the dual-enery scans as the beam hard-
ening corrections deduced from the absorption measurements (section 4.6) were based on

an unfiltered beam.

Table 4.3: CT settings for dual-enery imaging of NPL panel.

Image Parameter Compromise scan | Low energy scan | High energy scan
Accelerating voltage / kV 140 40 200
Target material w W A\
Current / pA 150 250 100
Filtration 2mm Cu none none
Exposure time/ s 2 2 2
No. frames per projection 1 1 1
No. projections 3142 3142 3142
Angular rotation/ degrees 360 360 360

Figure 4.32 shows reconstructed in-plane cross sections from the NPL panel. The
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beam. Although it was possible to segment the defects to a certain degree, a lot of manual
interaction and operator judgement was required. Due to time constraints, the defects in

this panel have not been quantified in this work, but merely act as a demonstration tool.

(a) In-plane view of reconstructed NPL  (b) 3D renderings of defects in NPL panel

panel

Figure 4.32: Reconstructed images of compromised scan of NPL panel.

Figures 4.33 (a) and (b) show reconstructed cross sections from the compromised
and dual-enery scans of the NPL panel. It can be seen that the dual-enery scan has not
accurately reconstructed the geometry of the object. Additionally, the SNR within the
compromised scan has a distinctly poor SNR in the centre, where the signal appears to be
barely higher than the background signal. The dual-enery scan has failed to reconstruct
the object due to divergence of the beam hardening correction at such large material thick-
nesses found in the NPL panel. Figure 4.34 gives an example of this error. The polynomial
which models the absorbance becomes badly fitting at high thicknesses and high acceler-
ating voltages. As a result, applying beam hardening corrections to thick objects gives an

incorrect reconstruction.

(a) Compromised scan

(b) Dual energy scan

Figure 4.33: Reconstructed cross sections of NPL panel.

133



4.9. IMPLEMENTATION OF A DUAL ENERGY IMAGING TECHNIQUE

4.5 T T T T T
4+ w3 02 "
y = 6.7e-09*x" = 7.8e-05*x" + 0.035"x + 0.018
3.5
| Absorbance fit
a3k becoming negative i
@ :
° 25F e
o
= L
38
5 2T 7
(%2}
2 |
<
1.5 -
1 -
I O 100kV
05 o -
cubic
0 L L L L L L L L 1 L L L L 1 L L L L 1 L L L L 1 L L L L
0 50 100 150 200 250 300
Thickness/ mm
(a) 100kV
3.5 T T T T T
O 200kV
y = - 6.7e-07"X> + 0.00022"X° - 0.0025° — 0.0045 : | — cubic
3F 5 : : -
2.5F [ -
» - Absorance fit -
’§ ° becomes
s T negative
o
=
©
2
5 1.5
o
<
1 -
Poor fit due to 1
: = low : : :
il : / absorbance - : : 7]
0@0 L L L L L 1 L L L L 1 L L L L 1 L L L L 1 L L L L
0 50 100 150 200 250 300
Thickness/ mm
(b) 200kV

Figure 4.34: Variation of absorbance with thickness in MTM-45 CFRP and associated
third-order polynomial fits for beam hardening correction with the tungsten target mate-
rial.

Figure 4.34(a) shows good polynomial fit with the data until 128mm. Approaching
256mm, however, the fit starts to give a reduced absorbance value. Physically this is
impossible, and must mean the polynomial fit breaks down at these high thicknesses.
Forecasting forward to 300mm gives a significantly incorrect absorbance value. Figure
4.34(b) results in errors at both ends of the thickness scale at 200kV. At low thickness, the
almost total transmittance of the X-Ray beam results in almost zero absorbance, meaning
the polynomial becomes badly fitting in the range where the beam is being significantly
attenuated. This low thickness error then propagates to an even worse fit at higher thick-
nesses than was seen in (a), even though the voltage is higher and hence beam hardening

should occur to a lesser extent.
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4.10 Chapter Summary and Conclusions

The work presented in this chapter has demonstrated the first application of a dual-
enery CT imaging to high aspect ratio CFRP plates on a laboratory X-Ray CT system.

By imaging a step-wedge made of the material of interest, an effective beam hardening
correction procedure based on absorption measurements was demonstrated. A third-order
polynomial beam hardening correction procedure worked well for the materials under in-
vestigation. The beam-hardening investigations also revealed that better radiographic im-
age contrast can be obtained by proper target selection during CT scanning. For example,
at higher energies the Cu target was shown to produce a spectrum which was attenuated
to a much greater extent than the other target materials.

Two cases of dual-enery imaging were proposed, both of which improved the SNR
and CNR in the sample geometry of interest (an impact test coupon). Case 1 provided an
increase of 20% and 30% in the SNR and CNR respectively. Case 2 provided an increase
of 66% and 109% in the SNR and CNR respectively However, the first case (a simple
summation) did not improve absolute contrast between the object and background. The
second case did improve the image contrast significantly due to the optimised projection
weighting, which was dependant on the material thickness an SNR in a particular projec-
tion.

Although the technique worked well for small coupons where the maximum X-Ray
path length was less than 100 mm, the difficulty in deducing appropriate beam hardening
correction values at larger thicknesses prevented the dual-enery imaging of very large
(300 mm width) objects. In the case of the NPL panel, a better image was achieved by
filtering a moderately high energy beam and using a high filament current to generate high
X-Ray flux.

The method shows potential for imaging large CFRP objects, provided a better beam
hardening approximation can be developed. This could be achieved experimentally by
imaging a step-wedge with larger thickness (perhaps up to 500 mm), to allow better poly-
nomial correction curves to be calculated. Including filtered beam measurements in this
experiment would also expand the range of energies and thicknesses the procedure could
be applied to. A modelling approach to the beam hardening, using the energy sensitive

spectra measurements (Appendix B) could also be used to improve the results.
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CHAPTER
FIVE

CHARACTERISATION OF LOW VELOCITY IMPACT
DAMAGE TOLERANCE OF CARBON FIBRE
REINFORCED PLASTIC

5.1 Introduction

This chapter presents a study on the impact damage tolerance in two commonly used
aerospace CFRP materials, and the use of X-Ray CT to characterise and quantify that
damage. The literature shows no examples of systematic quantification of impact damage
in CFRP using laboratory CT systems.

Damage was induced using the drop-weight impact method, a common procedure
for assessing the impact damage tolerance of fibre reinforced composite materials. Post-
impact behaviour was quantified by the miniaturised Hogg and Prichard compression
after impact (CAI) test (Prichard and Hogg, 1990). Industry standard non-destructive
investigation using ultrasonic C-scan was used to quantify the nature of the damage in
terms of location and size. These results were then compared to damage information
obtained from CT imaging.

Mechanical testing in the form of the interlaminar shear test was used to relate material
properties to the damage tolerance of each material, as well as to account for differences
in performance between the two materials.

A method for quantifying damage in CT data sets is presented, which shows good
correlation with C-scan data. The types of damage identified using CT, and the measure-
ments made also agree well with published literature on the subject.

The aims of this chapter were therefore:

* To characterise and damage in CFRP materials subject to low velocity impact dam-

age

* To develop a CT data processing methodology to allow quantification of impact

damage

* To compare CT damage results to ultrasonic C-scan
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5.2 Materials

Two materials commonly used to manufacture primary structures in aerospace ap-
plications were studied. These were pre-impregnated MTM-45 uni-directional (UD) ,
and pre-impregnated MTM-45 plain woven materials, supplied by Advanced Compos-
ites Group (Derbyshire, UK). Both materials use carbon fibres as the reinforcement. The
matrix is a toughened epoxy resin. The materials were chosen as they act as a baseline
for the use of CFRP in aerospace structures. Compared to more recent material develop-
ments such as 3D woven, or stitched material, the microstructures are relatively simple

and potentially more simple to characterise using CT. Table 5.1 gives some material data.

Table 5.1: Selected material properties for MTM-45 from material supplier’s data sheet.

Property Uni-directional Woven
Fibre type M7 AS4 plain weave
Areal weight/ gsm 280 193

Cured ply thickness/ mm 0.28 0.21
O°Tensile strength/ MPa 1500 904
0°Tensile modulus/ Gpa 120 64
90°Tensile strength/ Mpa 15 858
90°Tensile modulus/ Gpa 6 61

5.3 Panel Manufacture

All test coupons used in this study were manufactured according to British Standard
BS 1268 (British Standards, 2001)(British Standards, 2005). Panel lay-up was carried out
as described in section 4.4. Plies of each pre-preg material were cut using an automated
ply cutter to reduce fibre misalignment.

To produce enough impact test coupons for statistically significant results, two 300 x
300 mm panels for each material were manufactured. Each panel consisted of 10 plies.
For the UD material, ply angles of 0°and 90°were used, giving a complete lay-up of
[(0/90),/0]s. The woven panels also consisted of 10 plies, but as this material was plain
woven each ply contains both 0°and 90°fibre orientations, hence each ply was laid up in
the same orientation to give a [0/90];( laminate.

The laminate stack was de-bulked for 5 minutes after the first ply was laid down, and
after every 3 subsequent plies. In total, therefore, 4 de-bulks were carried out giving a
total de-bulking time of 20 minutes. This procedure reduces the amount of entrapped air
in the laminate stack, which would lead to severe porosity and poor consolidation of the

laminate if not removed.
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All four panels were cured at the same time, within the same vacuum bag, to ensure
manufacturing conditions were equivalent for all test pieces. The same cure cycle as
mentioned in section 4.4 was used, 1.e. 2 hours at 180°C and 7atm. The resulting mean
laminate thicknesses were 2.73 mm (£0.12 mm) and 2.22 mm (£0.02 mm) for the UD
and woven materials respectively.

Once the laminates were cured, impact test coupons measuring 89 mm x 55 mm were
sectioned from the cured panels using a diamond saw. Although there is no official stan-
dard for the miniaturised impact samples used in this work, the samples were cut so that
edge parallelism was within the tolerance of British Standard 18352 (0.02 mm) in order

to prevent sample buckling during the compression after impact test.

5.4 Drop Weight Impact Testing

In order to induce damage in the sample materials a drop weight impact testing ma-
chine was used to deliver a low velocity impact. In these tests, the maximum velocity of
the impactor was approximately 2m/s for an impact energy of 12 J, where the impactor
weighs 4.3 kg. Samples were tested over a range of energies up to 12 J to simulate the

type of impact energies thin laminates experience during service, such as tool drops.

5.4.1 Drop Weight Impact Experimental Procedure

Impact testing was performed using the Instron CEAST 9350 drop weight impact test-
ing machine. This equipment consists of a tower which holds a variable mass impactor.
The impactor may have different shaped ’tups’ fitted which form the contact point be-
tween mass and sample. In this work, an impactor mass of 5 kg and a hemispherical tup
of 20 mm diameter were used. The sample is clamped at the bottom of the tower by a
rigid holding device which consists of steel plates, clamps, and a 40 mm circular aperture.
Figure 5.1 is a photograph of the impact tower, and figure 5.2 illustrates the dimensions

of the sample holder.
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Figure 5.1: Instron CEAST 9350 drop weight impact testing machine.
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/ Hemispherical Impactor

16mm

Sample 40mm aperture

(a)

(b)

Figure 5.2: (a) Schematic showing impact test conditions, adapted from (Prichard and
Hogg, 1990). (b) Photograph of sample holder containing a woven plate.

The impact testing machine is fitted with several instruments which allow test data to
be acquired, such as light sensors and force transducers. These allow impactor velocity,
force and test time durations to be acquired. The equipment is also fitted with an anti-
rebound device to prevent repeated impacts of the sample. Although strain gauges were
not attached to the samples, it is assumed that the forces measured in the impactor are
representative of the forces experienced by the sample due to the very high stiffness of
the impacting object and test rig.

Impacts were performed at 3, 6, 9 and 12 J for both the UD and woven samples. Five

samples were impacted at each energy.

140



5.4. DROP WEIGHT IMPACT TESTING

5.4.2 Results and Discussion

Figure 5.3 shows typical force-time relationships at an impact energy of 12 J for the
UD and woven materials. The UD material displays characteristic behaviour of an initial
load drop between 2-3kN due to the onset of delamination, followed by a steady increase
to maximum load. In contrast, the woven material does not display a first failure in the
same manner as the UD material, but rather shows a load drop close to the peak load. In
the case of the 12 J impact it was observed that this load drop probably occured due to

significant fibre tow damage causing back face breakout.
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Figure 5.3: Typical force-time relationships at an impact energy of 12 J for the UD and
woven materials

Typical force-displacement curves for a 12 J impact are shown in figure 5.4. The
curves show a hysteresis loop whereby only some of the displacement is regained as a re-
sult of energy absorption by damage mechanisms. By integrating the force-displacement
relationship to obtain the area within the hysteresis curve, the energy absorbed during the
impact can be quantified, as shown in figure 5.5.
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Figure 5.4: Typical force-displacements curves for a 12 J impact
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Figure 5.5: Typical energy-time curves for a 12 J impact

Figures 5.6 and 5.7 show typical force-time relationships for the UD and woven ma-

terials respectively under impact energies ranging from 3-12 J.
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Figure 5.6: Typical force-time curves under various impact energies for the UD material
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Figure 5.7: Typical force-time curves under various impact energies for the woven mate-
rial.

In general the UD materials show significant load drops at around 50% of the maxi-
mum load experienced. This load drop is the initial onset of damage, known as first fail-
ure. In the case of the UD material this is likely to be the onset of delamination between
plies (Adams and Miller, 1975; Bradshaw et al., 1973; Cantwell and Morton, 1991). The
slope of the force-time curve is then seen to decrease before reaching the peak load, at
which point the load gradually returns to zero. It can be seen that for the UD materials,
the onset of first failure is largely independent of impact energy. This observation has
been reported many times in the literature and is a typical characteristic of this type of
material (Cantwell and Morton, 1991; Hitchen and Kemp, 1995; Liu, 1988; Richardson
and Wisheart, 1996). Performing an unpaired T-test on the load at first failure for the UD

materials (5 repeats at each impact energy), showed no statistically significant difference
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(95% confidence), resulting in a mean load at first failure of 3.354-0.36 kN. Table 5.2
gives the p-values for the different test combinations.

Table 5.2: p-values for first failure loads in UD materials under various impact energies

T-test comparison | p-value
3J vs. 6] 0.31
3T vs. 9] 0.09
3Jvs. 12] 0.14
6J vs. 9] 0.28
6J vs. 12] 0.43
9J vs. 12] 0.08

Conversely, the woven samples do not display a significant first failure or load drop.
Instead, a progressive mode of failure is observed with a fairly constant slope up to 50-
75% of the maximum load. After this point, the slope of the curve is seen to reduce while
displaying many small load drops but no significant failure event. At 12 J a large load
reduction is observed, which was due to significant back face damage after a high degree
of fibre failures had occurred. This load drop was seen to occur in all 5 samples tested at
12 J immediately after the peak load was reached.

Figure 5.8 compares the mean peak impact force experienced by both materials under
various impact energies. Both data series reveal an almost linear relationship between
peak force and impact energy, although the curve seems to level out at 12]J for the woven
sample. This levelling most likely occurs due significant fibre failures occurring some-
where between 9 and 12J, which is implied by the significant load fall off in the force-time
curve at 12 J.

144



5.4. DROP WEIGHT IMPACT TESTING

7500———

20000 T

6500

D
o
o
o

[¢)]
()]
o
(=]

Peak impact force/ N

Impact energy/ J

Figure 5.8: Peak impact force for UD and woven materials under various impact energies.

Calculation of the total absorbed energy revealed statistical differences between the
materials at all impact energy levels. Figure 5.9 shows the absorbed energies under the
various impact energies, followed by the statistical analysis values in table 5.3. The data
shows a linear trend relating the impact energy to absorbed energy between 3 and 9 J,
but the values at 12 J make a deviation from this pattern. The absorbed energy at 12 J
is higher than would be predicted by the linear relationship seen at lower energies. The
force-time relationships at this energy revealed significant failure events in both the UD
and woven materials at 12 J impact, probably due to to increased fibre failures, and would
explain the accelerated increase in absorbed energy. This observation is discussed further

in the imaging section (5.7)
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Figure 5.9: Comparison of absorbed energy at various impact energies for UD and woven
materials.

Table 5.3: p-values for absorbed energies in UD and woven materials

T-test comparison | p-value
3] 0.045
6J 0.49
9] 0.044
12]) 0.03

Examining the force-deformation curves revealed that the woven samples experienced
a larger deflection (under the impactor) across all impact energies. Figure 5.10 shows
the displacements for both materials against impact energy. The relationships for both
materials are seen to be linear. This observation is expected, as the woven material has a

lower ply stiffness, and will therefore deflect further for a given load.
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Figure 5.10: Vertical deformation under the impactor for UD and woven materials under
various impact energies.

54.2.1 Summary

The work in this section has illustrated the low velocity impact behaviour of a tough-
ened epoxy reinforced with two different fibre architectures using an instrumented drop
weight impact testing machine. Observations were made on the relationships between
the force, displacements, and energy absorption of the different materials with respect to
impact energy and elapsed time. The tests revealed a ’threshold’ energy in the UD ma-
terials where delamination onset occurs, which was approximately 3.35kN. Conversely,
the woven materials did not display any significant first failure event. The results implied
progressive damage was occurring during the impact event. It was also observed that the
woven materials showed a higher degree of deformation during the impact event across
all impact energies, due to the lower stiffness of this material. The woven material also
showed a higher degree of energy absorption at all impact energies compared to the UD
material. These observations are discussed further in relation to the X-ray tomography

observations in section 5.7.

5.5 Compression After Impact Testing

Compression after impact testing (CAI) is often used as a method of comparing the
damage tolerance of different materials with respect to impact damage. This section de-
scribes the experimental procedure followed to assess the CAI strength of the samples
which were impacted in section 5.4 using a miniaturised testing rig. This test methodol-
ogy was developed in the 1990’s by Hogg and Pritchard (Guild et al., 1993; Prichard and
Hogg, 1990) at Queen Mary University, London.
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5.5.1 Experimental Procedure

The samples tested in section 5.4 were compression tested using an Instron 600HDX
servo-hydraulic test machine. The samples were loaded into the CAI rig, schematically
illustrated in figure 5.11, aligning the sample in the anti-buckling guides and tightening
all bolts.
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Figure 5.11: Schematic of the specimen support conditions in the compression after im-
pact test, adapted from Prichard and Hogg (1990)

The CAlrig is then placed between the loading platens, and located centrally to ensure

even loading, as shown in 5.12.
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Figure 5.12: CAl rig with a sample mounted in the 600 kN hydraulic test machine

The loading platens are brought into contact with the CAI rig, until a small load (ap-
proximately 5-10N) is registered. The load scale is then balanced to zero, and testing can
commence. Samples were loaded to failure, under displacement control at a rate of Imm/
minute.

Five undamaged test coupons of both candidate materials were first tested to establish
a baseline strength, along with associated standard deviations. Each of the five samples
tested at respective impact energy levels were subsequently loaded to failure in the CAI
rig. Load and displacement values were recorded to allow calculation of peak failure load,
compression modulus, compression strength, and approximate strain to failure.

Prior to testing, one sample from each impact energy set, and one sample from the
undamaged set (for both UD and woven materials) had linear strain gauges attached to
the front and back face. These strain gauges were used to assess the extent of any bending

occurring during the tests, which may in turn imply buckling of the laminate.

5.5.2 Results and Discussion

Figures 5.13 (a) and (b) show typical load-displacement curves for the UD and woven
materials in undamaged and damaged states. Immediately apparent is the significant re-
duction in the maximum loads achieved by both materials after impact damage has been
induced. Both materials display brittle failure behaviour, displaying constant stiffness un-
til ultimate load. Furthermore, it can be seen that the force-extension behaviour of each
material appears independent of the impact energy the sample has experienced. It would
appear, therefore, that the amount of damage sustained has no effect on the compression
stifftness of either UD or woven materials, but severely effects strength. Although these
curves give an indication that impact events have an effect of the CAI performance of

both materials, obviously the strength values must be derived to give a real comparison.
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Figure 5.13: Typical load-displacement curves for UD and woven CAI samples after
various impact energies

Figure 5.14 shows the relationship between CAI strength and impact energy for the
UD and woven materials. For both materials a reduction in CAI strength is seen at all

impact energy levels.
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Figure 5.14: Compression after impact strength vs. impact energy for UD and woven
materials.

The above figure shows that the UD material loses a mean 35% of its undamaged
strength after only a 3 J impact, whereas the woven material loses only 20%. This obser-
vation can be explained by the mechanical data obtained in section 5.4.2, where the UD
material was seen to display the onset of damage even at 3J, whereas the woven material
displayed more progressive damage evolution. These results will be discussed further in
section 5.7 when the data is compared with measurements of the damage using X-ray
tomography and C-scan.

Taking into account the CAI strength values once impact damage has occurred, both
materials display a linear relationship between residual strength and impact energy. De-
spite the fact that the scatter in the data is quite high, T-tests showed differences in the CAI
values at 95% confidence levels. Therefore it is statistically reasonable to draw the con-
clusion that the relationship is linear, and differences in CAI are observed, as the p-values
in tables 5.4 and 5.5 show.
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Table 5.4: p-values for CAI strength in UD samples under various impact energies

T-test comparison | p-value
3] vs. 6] 0.0226
3J vs. 9] 0.0006
3T vs. 12] 0.0001
6J vs. 9J 0.0039
6J vs. 12] 0.0001
9J vs. 12] 0.0036

Table 5.5: p-values for CAI strength in woven samples under various impact energies

T-test comparison | p-value
3J vs. 6] 0.0007
3Jvs. 9) 0.0001
3T vs. 12] 0.0001
6J vs. 9] 0.049
6J vs. 12] 0.0019
9J vs. 12] 0.0094

Figure 5.15 gives a final overview of the relationship between CAl strength and impact
by considering the absorbed energy. The relationship follows trends seen in the previous

figures, whereby CAI strength is reduced with increased energy absorption.
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Figure 5.15: CAl strength vs. absorbed energy for UD and woven materials.

5.5.3 CAI Testing Summary

This section has shown that low velocity impact in the range 3-12 J can cause appre-
ciable reduction in compression after impact strength for both UD and woven materials.
Additionally, the the introduction of impact damage has virtually no effect on the com-
pression stiffness of either UD or woven materials. The UD material displayed a higher
reduction in CAI strength loss after 3 J compared to the woven material (35% vs 20%),
although the ultimate strength values for the UD material remained consistently higher
across all energies. Statistical analysis showed a linear relationship between impact en-
ergy and CAI strength for both UD and woven materials, and p-values provided statistical
evidence of consistently reducing CAI strength with increasing impact energy. The mech-
anisms of failure and types of damage relating to the values observed in this section will

be discussed in section 5.7.

5.6 Interlaminar Shear Testing

The interlaminar shear strength (ILSS) of a laminated composite material has been
shown to be an indicator of the degree of damage tolerance of a material. Therefore, to
provide supporting evidence for the observations of damage tolerance due to drop weight
impact testing, the ILSS of both candidate materials were measured. This experiment
follows the procedure described in British Standard BS EN 2563(Standards, 1997).

The test involves measuring the apparent interlaminar shear strength of a laminated

composite by performing a flexural test. Effectively the test measures the resistance to
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delamination under shear loads which act parallel to the lamina, which implies the quality
of the fibre to resin interface. The specimen has a rectangular cross section, which is

placed on two supports and loaded in the centre by a hemispherical loading nose.

5.6.1 Specimen Preparation

Samples were cut from the panels described in section 5.3 using a diamond saw. Fig-
ure 5.16 illustrates the test geometry (left) and sample geometry (right). Symbols and

values are explained in table 5.6. Five samples from each material were tested.
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Figure 5.16: Test and sample geometries for the interlaminar shear strength test Standards
(1997)

Table 5.6: Interlaminar shear test symbols

Symbol Value
r Support radius, 3+0.1mm
Iy Support radius, 3+0.1mm
b Sample width, 10 £+ 0.2mm
L Sample length, 20 + 0.25mm
ly Distance between supports

For testing, the distance between supports, l,, is adjusted to meet the condition shown
in equation 5.1:
I, = (5.h) £ 0.1mm (5.1

The dimensions h and b of each sample were measured three times at the centre of
each sample using a micrometer with 6 mm flat faces accurate to 0.01 mm. The standard

specifies that the samples should have a thickness scatter of :
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hmam - hmzn
T < 0.05 (5.2)

Table 5.7 shows the measured values of thickness, with associated scatter values. It

can be seen that both sample sets lie within the scatter tolerance.

Table 5.7: Interlaminar Shear Measured Sample Dimensions

Material | h,,,,/ mm | h ,,, /mm | h/mm | ¢/ mm
UD 2.79 2.93 2.85 0.049
Woven 2.2 2.26 2.228 | 0.026

5.6.2 Interlaminar Shear Test Experimental Procedure

Samples were mechanically tested using an Instron 50 kN hydraulic test machine,
using a loading rig defined in the British Standard Standards (1997). Figure 5.17 shows

the test equipment with a sample mounted in the loading rig.

Figure 5.17: Interlaminar shear strength test rig with a sample in place

The sample is mounted within the loading rig, and positioned so that the centre of the
specimen is within 0.02 mm of the centre of the loading nose with respect to the supports.
The sample is then loaded under displacement control, ensuring that the loading rate is at
a constant 14+0.1mm/min.

The load is recorded as a function of loading nose displacement at a frequency of
10Hz. The load at failure, Pr is observed as the first reduction in load on the load-

displacement curve, as illustrated in figure 5.18
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Displacement/ mm

Figure 5.18: Schematic load-displacement curve for an interlaminar shear strength sam-
ple, showing load at first failure, Py

The apparent interlaminar shear strength is then calculated by equation 5.3.

3P

Where:

* 7 is the apparent interlaminar shear strength (MPa)
e Pr is the maximum load at first failure (N)

* b is the width of the specimen (mm)

* h is the thickness of the specimen (mm)

5.6.3 Results and Discussion

Figure 5.19 shows typical load-displacement curves for the UD and woven materials.
Both materials displayed the expected mechanical behaviour of linear force-displacement

with a pronounced first failure in all samples.. This failure type was therefore concluded
as a valid ILSS test.
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Figure 5.19: Typical Force-displacement profiles for UD and woven materials during the

ILSS test.

Equation (5.3) was then used to calculate the apparent ILSS values, which are given

table 5.8. Statistical comparison using an unpaired T-test showed the values were different

to over 99% confidence.

Table 5.8: ILSS values for UD and woven materials

Material | Interlaminar shear strength/ MPa
UD 87.28(£5.8)
Woven 60.05(£0.54)
p-value <0.0001

As expected, the UD material shows a much higher ILSS than the woven. The higher

fibre volume fraction obtained with UD materials, the increased stiffness and strength

of the fibres in the UD material, and the increased interfacial bonding area between the

UD fibres and matrix all contribute to this increased ILSS. The consequences of this high

ILSS are discussed in section 5.7 with respect to the impact damage characteristics.
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5.7 Imaging Impact Damage in CFRP coupons

This section details several experiments performed on imaging low velocity impact
damage in CFRP materials. The main focus of this section is the 3D X-ray tomographic
imaging and characterisation of the damage which was induced using the drop weight
impact testing equipment (section 5.4). Imaging experiments were also performed using

transmission C-Scan to map the damage in 2D.

5.7.1 Dual Energy X-ray CT of impacted CFRP coupons

Many authors have used 2D imaging techniques such as C-Scan and optical mi-
croscopy to examine impact damage in CFRP materials. Although C-scan is non-destructive
and allows fast acquisition times, its spatial resolution is generally limited to ~1mm and
features become overlaid. This means, for example, that delaminations in individual plies
cannot be quantified separately. Optical microscopy, as well as de-ply techniques are
destructive and therefore prevent any further investigations on a given sample.

The purpose of this section was to show that laboratory based X-ray tomography is
a useful and accurate tool for the qualitative and quantitative characterisation of impact
damage in CFRP. Although several authors have used CT to image damage in CFRP
materials, much of the work has been qualitative. The majority of published quantitative
work has been performed in synchrotrons.

In this section, the impacted CFRP coupons described in section 5.4 were imaged
using the dual-energy CT technique which was covered in chapter 4. As discussed in the
literature review and Chapter 5, imaging composite plates is a trade-off between several

parameters including resolution, sample size, image contrast and signal-to-noise ratio.

5.7.1.1 CT Imaging Methodology

As discussed in the literature review and Chapter 5, imaging composite plates is a
trade-off between several parameters including resolution, sample size, image contrast
and signal-to-noise ratio. This initial imaging study aimed to image the full dimensions of
each impacted sample, in order that the full dimensional extent of the damage be mapped.
To achieve this, the impact samples were imaged in 8 batches. Each batch contained 5
samples impacted at a single impact energy, table 5.9 gives the batch numbers and sample
conditions. The imaging geometry resulted in a voxel size of 48um. The dual-energy
imaging technique was used to improve the SNR and produce a better quality CT data set

which could be segmented more easily to allow for quantification of damage regions.

158



5.7. IMAGING IMPACT DAMAGE IN CFRP COUPONS

Table 5.9: Sample batches for CT imaging

Batch no. | Sample No. | Material | Impact energy
1 Al-AS UD 3J
2 A6-A10 UD 6]
3 Al1-Al5 UD 9]
4 A16-A20 UD 12])
5 B1-B5 Woven 3]
6 B6-B10 Woven 6J
7 B11-B15 Woven 9]
8 B16-B20 Woven 12J

Figure 5.20 shows a schematic of the imaging set up. The samples were held in a vice-
like sample holder, with the laminate plane perpendicular to the plane of the detector.
Each batch of samples was scanned twice for the purpose of the dual energy imaging.
The first scan was performed at 40kV, the second at 100kV. Table 5.10 shows the imaging

parameters used for each scan.
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Figure 5.20: Schematic of scan setup for CT imaging of impacted samples (not to scale).
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Table 5.10: Imaging parameters for dual energy scanning of impacted samples.

Imaging Parameter | Low energy scan | High energy scan
Target material Copper Copper
Accelerating voltage 40kV 100kV
Filament current 250uA 150pA
Frame exposure time 2s 2s
No. of projections 3142 3142
Digital gain 2 2
Voxel size 48um 48um

The two data sets (low and high energy) for each scan were then combined and re-
constructed using the method outlined in section 4. As the data sets are reconstructed in
32-bit floating point format, the reconstructed volumes were converted to 8 bit format.
This has the advantage of reducing the data set file size by a factor of 4, and improves

image contrast in the reconstructed cross sections.

5.7.2 Ultrasonic C-Scan of impacted CFRP coupons

Ultrasonic C-scan is an industry standard method for assessing whether CFRP com-
ponents contain defects such as impact damage. In order to have a baseline comparison
for the amount of damage detected using the CT system, all impacted test coupons were
tested using a transmission-type ultrasonic C-scan system. This imaging method gives a
2D in-plane map of a component, by measuring the attenuation of an ultrasonic wave. A
detailed explanation of the principle was given in Chapter 2.

The system used in this study was a Midas NDT Sytems transmission scanner, capa-
ble of scanning objects up to 2 m x 4m in size. Figure 5.21 shows a schematic of the

inspection system along with a photograph of the hardware.
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Figure 5.21: Midas NDT Ultrasonic Transmission C-scan equipment

To ensure reliable measurements, a laminar water jet is used to carry the ultrasonic
wave between the transducers and sample surface.

Samples were stacked side by side in an appropriate sample holder and scanned with
a 10MHz transducer at a rate of 100 mm/ minute, giving a spatial resolution of approxi-
mately 1mm.

The raw C-scan data was processed using image processing software ImageJ to map

the 2D damage area in each sample.

5.8 Imaging Results and Discussion

This section presents the imaging results obtained using CT and ultrasonic C-Scan to
image impact damage in the UD and woven samples. Initially a qualitative discussion

is presented on the types of damage apparent in both materials using X-ray CT, before
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quantitative measurements are discussed and compared with C-scan images.

5.8.1 Qualitative X-ray CT Results
5.8.1.1 Unidirectional Samples

For the UD samples it was found that the typical forms of damage reported in the
literature were resolvable when scanning with a resolution of 50um, i.e. when the entire
sample was within the field of view of the X-ray cone.

Figure 5.22 shows a reconstructed cross section of a 12 J impacted coupon directly
under the impact zone. Delaminations between plies extending in the plate axis away from
the impact zone are clearly visible, along with inter-ply matrix shear cracks connecting

the delaminations.

Impacted face

Delaminations

Figure 5.22: Typical reconstructed cross section of damage in a UD plate subjected to 12
J impact

The delaminations were seen to grow in area and move radially outwards from the
impact location as they propagated downwards into the sample from the impact area, cre-
ating a characteristic pyramid shaped damage pattern. Figure 5.23 highlights the visible

damage when viewed in the plane of the plate (i.e. in the laminate stacking plane).
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ply 2/3
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Figure 5.23: Typical in-plane damage in a UD plate. Due to out-of-plane curvature,
damage in multiple plies is observed in a single reconstructed cross section.

As illustrated above in figure 5.23, multiple delaminations may be apparent in any one
slice. This is due to out of plane curvature at higher impact loads, which results in several
plies being visible in the in-plane reconstructed cross section. The principle is illustrated
in figure 5.24

Impact direction

\M
<

Interfacial damage

Orthogonal cross section

Figure 5.24: Exaggerated schematic of how out-of-plane deformation causes damage at
multiple ply interfaces to appear in a single CT cross section.

Figure 5.25 shows 3D renderings of typical damage volumes due to the various impact
energies. The delamination area was observed to increase with higher impact energy,

and produces a characteristic diamond shaped pattern. The delaminations were seen to
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preferentially extend in the ply directions, i.e in the X and Y directions relative to the

sample co-ordinate system.
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Figure 5.25: 3D renderings of UD impact samples showing relative damage areas

5.8.1.2 Woven Samples

Figure 5.26 shows a typical CT cross section of damage in a woven sample which was
subjected to a 12 J impact. The figure that compared to the UD material, the damage is
less well defined, showing a very high degree of damage confined generally to the location
directly under the impactor and propagating down through all the plies. Similar to the UD
material however, the woven plies displayed increased damage towards the back face of
the sample. Although delamination was observed to exist in the woven materials, it did
not appear to propagate to the same extent as the UD materials. The delaminations were
also observed to have a more tortuous path, due to the fibre undulations causing deviation
of the cracks. A large density of matrix was observed along with what appear to be several
tow failures. However, due to the resolution achieved by capturing the full plate in the
CT scan it is very difficult to successfully separate and quantify each damage mechanism.
As a result it was deemed necessary to perform region of interest (ROI) investigations to

further characterise the damage (see chapter 6)
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Figure 5.26: Typical reconstructed cross section of damage in a woven plate subjected to
12 J impact.

Figure 5.27 shows how the damage appears in a CT cross section in the plane of the
sample. Individual fibre tows are resolved, with resin pockets visible at the tow inter-
lacement points. It is also apparent that due to the reduced extent of the damage, and
low contrast difference between the object and background it is quite difficult to identify

damage compared to that seen in the UD materials.
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Delamination / matrix cracking
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Figure 5.27: Typical in-plane damage in a woven plate.

Figure 5.28 shows 3D renderings of typical damage volumes due to the various impact
energies. As with the UD material, the damage was seen to extend preferentially in the
ply direction, but with a less well-defined shape. As will be seen in the next section
which discusses the quantification of the damage, for the woven materials the induced
damage was seen to propagate evenly through the thickness of the sample rather than

spread outwards as was observed in the UD materials.
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Figure 5.28: 3D renderings of woven impact samples showing relative damage areas

5.8.2 Quantitative X-Ray CT Measurements

In order to demonstrate the engineering usefulness of CT as a tool for quantifying
damage in CFRP materials, image thresholding was applied to acquire numerical informa-
tion about the damage state in the UD and woven materials. This allowed characterisation

of damage in terms of areas, volumes, and through-thickness distributions.

5.8.2.1 Image Processing

Data visualisation software Avizo®was used to view the reconstructed CT data sets of
the impacted samples, as well as perform image segmentation to quantify damage. Image
thresholding is based on the separation of image features based on pixel intensities.CT
imaging produces greyscale images (i.e. a pixel value may vary on a scale from black to
white), and therefore the images are thresholded on their grey value, often to referred to
as ’greyscale’.

To threshold the damage in the impacted specimens ‘histogram thresholding’ was
used as a simple approach to determining which pixels belonged to a damage zone.

Histogram-based segmentation methods analyse the peaks and troughs present in an im-
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age histogram, and are therefore dependent on pixel intensities. Figure 5.29 shows an

example CT slice from an impacted sample, and its associated histogram.

(a) Reconstructed CT slice of a 12]
impaced CFRP plate
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(b) Image histogram of (a) Object pixels are associated with the broad peak to the
right.

Figure 5.29: CT slice and associated histograms of an impacted sample.

The peaks in an image histogram represent the various homogenous phases in a mate-
rial. Thresholds can be set between the peaks to segregate the image. Peaks in a histogram
may also be referred to as ‘modes’ (Russ, 2007). From figure 5.29 a reasonable amount
of peak broadening is apparent in the histogram mode representing the CFRP sample.
Generally this broadening is due to image noise. Additionally, the bulk material is made
up of two materials with very similar densities (fibres and resin), which are not separately
resolvable. A contribution to broadening of the peak can be expected due to overlapping
of the fibre and resin signal contributions.

To reduce some of the influence of noise in the reconstructions, a noise reduction
filter, known as a ‘median’ filter was applied to the data sets. This filter is a simple

edge-preserving smoothing filter and works by sorting pixels covered by an NxN mask
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according to their grey value. The centre pixel is then replaced by the median of these
pixels,i.e., the middle entry of the sorted list (Avizo 7 Users Guide, 2011). In this case, a
3 x 3 filter was used.

Figure 5.30 shows the effect on the histogram of applying the median filter to the
image in figure 5.29(a).
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Figure 5.30: Effect of applying a 33 median filter to the image in figure 5.29.

It was found that to successfully threshold the damage in the impacted specimens
a high degree of manual interaction in association with histogram thresholding was re-
quired. The difficulty in thresholding arises because of the complicated and interacting
nature of the damage. Delaminations and cracks effectively have a similar greyscale to
the background (i.e. air), and so using a global threshold value easily separates the entire
damage volume from the object. However, this is not a representative indication of the
damage state as we would like to know the proportions and locations of each type of dam-
age. Because the different types of damage have similar grey values, automatic greyscale
thresholding is ineffective in separating the damage. In order to overcome this issue, the
‘brush-within-range’ tool in Avizo was used to locally threshold the damage areas in each
impact sample. Segmentation was performed on every 5 CT slices, and an automatic in-
terpolation applied to threshold the damage areas between the manually segmented slices.
The greyscale range was set to include pixels with greyscale intensities ranging from the
mean damage area value to 50% of the mean bulk material intensity. This approach is
typical for edge detection thresholds , where the intensity varies over an edge such as the
boundary between material and a crack. Visual criticism was used to confirm whether
the correct pixels had been selected. Ideally a more robust algorithm for detection and
separation of the damage features would be implemented, but time constraints prevented
this approach. However, considering the correlation between the quantified CT damage

results and those obtained using C-Scan, it can be proposed that a reasonable level of
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accuracy was achieved using the current method.
Figure 5.31 shows how a combination of local histogram thresholding and manual
segmentation allows the different forms of damage to be separated in a UD impacted

sample.

(a)

Matrix cracking

Delamination
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Implied fibre failure
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Figure 5.31: Example of damage thresholding in a UD plate which was subjected to 12 J
impact. Sample is viewed in XY plane.

Due to the resolutions achieved in this experiment it was decided more appropriate to
concentrate on the global damage present in the samples. In the case of the UD material,
this meant restricting the damage segmentation to looking at only delaminations in the
first instance. For the woven material, the difficulty in identifying the different damage

features to acceptable accuracy also mean that the total damage area was measured in this
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case. The next chapter which focusses on ROI imaging goes on to discuss the micro-

mechanical damage features in more detail (i.e. matrix cracking and fibre/ tow failures).

5.8.2.2 Quantifying Damage in UD samples

By thresholding the delaminations for each sample at incremental impact energies,
it was possible to define the area of delamination at each damage interface. In the first
case, image masks were generated describing the encompassed area of each delamination
within a given CT slice. Figure 5.32 shows an example of the image masks created for the
first damage interface in a UD sample impacted at 3 J. The individual areas are summed to
provide a greyscale image of the total damage area of the delamination, of which the area
can be calculated knowing the pixel size and total number of pixels with a value greater
than the background.

Distance from impact face

& A A A
b r ¥

Slice 1 + Slice2 + Slice 3 + Slice 4 + Slice 5

YL
X k
Summed total delamination area for a single damage interface
Figure 5.32: Summation of image masks encompassing delaminations with individual CT

slices for a UD sample impacted at 3 J.

By repeating the above procedure, the delamination area for all damage interfaces can
be projected onto a single image, and directly compared with C-scan data. Figure 5.33
shows summed masks for various impact energies compared to C-scan images. Side by

side comparisons are for the same sample in each case.
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3)

6J

9]

12)

Figure 5.33: In-plane delamination area under increasing impact energies for UD mate-
rial. CT images (left column) are through-thickness summations of total in-plane damage,
compared against transmission C-scan data (right column).

Figure 5.33 shows that CT imaging provides very similar damage patterns and areas

to transmission C-scan when summing the in-plane damage through the object thickness.
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A characteristic diamond shaped pattern is formed, with an undamaged region in the
centre corresponding to the impact location. This observation is characteristic of UD
materials and has been reported in many publications. Although no delamination occurs
in this region, it is not to say no damage occurs at all. In fact, plastic deformation was
seen to occur under all impact energies at the impact face, causing indention under the
impactor and outward displacement at the back face. While this local plastic deformation
does not appear to produce delamination, it is likely that damage perhaps in the form of
fibre displacement, fibre failure, and matrix micro-cracking may have occurred directly
under the impactor. However it was not possible to observe any of these mechanisms at a
resolution of 50 pum, which is logical as the carbon fibres in this material have a diameter
of less than 5 pum.

Figure 5.34 shows the in-plane damage areas measured using CT and transmission
C-scan. The figures shows that a linear relationship exists between the damage area and
impact energy. Each data point is a mean (plus standard deviation error bars) for 5 samples
tested at each energy. The values for both methods agree well, and statistical analysis
showed that due to the scatter, no significant statistical difference was observed between
the two methods of measurement. Comparing the data sets for each impact energy found

p-values of greater than p = 0.05 in all cases.
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Figure 5.34: In-plane damage area for UD samples measured with CT and C-scan.

The results presented in figure 5.34 are consisted with papers such as Ambu et al.
(2006); Choudhry (2009); Dear and Brown (2003); Tan et al. (2011a,b); Yan et al. (2010);
Yang and Cantwell (2010), who all documented a linear relationship between impact and
energy and damage area.

By plotting the evolution of damage area through the thickness of the plate, an idea
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of how the damage propagates through the material can be obtained. Figures 5.35 to 5.38
show the measured damage area as a function of depth for each set of impacted samples.
The figures show mean values (of 5 samples), bounded by the standard deviation. These
values are taken from in-plane measurements direct from the CT reconstruction and are
therefore not considering the out-of plane deformation which was discussed in figure 5.24.

In the 3 J case, seven damage interfaces are clearly defined by peaks in the damage
area. These peaks are spaced at regular intervals, and correspond closely with the ply
thickness. It can be seen that no damage was measured at the mid-ply boundary, a typical
observation under impact conditions where the two plies about the mid-plane have the
same orientation. This lay-up results in no stiffness mismatch at the symmetry, preventing
delaminations from propagating into this layer.
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Figure 5.35: Mean damage area as a function of depth for the 3 J impact

With increasing impact energy, the following figures reveal that the damage area for
each interface generally increases. Plotting the damage area with respect to depth, how-
ever, results in the damage peaks merging towards higher energies. This observation is
again consistent with the increasing out of plane deformation, where damage from sev-
eral interfaces appears in the same CT slice. This observation points out the importance
of the interpretation of CT data when analysing objects with planar damage, but where
the object is globally deformed. Damage at the symmetry plane, however, is seen to be

virtually zero at all impact energies, as the central trough in maintained in all figures.
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Figure 5.36: Mean damage area as a function of depth for the 6 J impact
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Figure 5.37: Mean damage area as a function of depth for the 9 J impact
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Figure 5.38: Mean damage area as a function of depth for the 12 J impact

Although the above figures give a general appreciation of the damage distribution
in the samples, a more robust approach was taken to further quantitatively describe the
damage. By measuring the in-plane areas of the individual damage interfaces by using the
mask summation procedure described in figures 5.32 and 5.33 it was possible to accurately
assess how the area of damage interfaces vary through the thickness of a particular sample,
and under different impact energies. Figure 5.39 shows this distribution of interfacial

damage for the various impact energies.
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Figure 5.39: Interfacial damage area for individual ply interfaces under various impact
energies for the UD material.

Considering the damage evolution in the 3 and 6 J samples from the data in figure
5.39, there is a fairly constant degree of damage at each interface. Performing un-paired
T-tests (tables 5.11 and 5.12) showed in both cases that damage areas were only statisti-
cally different in the first two plies compared to the other interfaces. Damage area was
observed to be lower in these first two plies by approximately 50% compared to the other
interfaces. This reduced damage is probably due to compressive constraint directly under
the impactor, causing ply compression and possible fibre damage as opposed to propagat-
ing delaminations in-plane. The damage then spreads out to form delaminations of equal
area at the remaining interfaces. Examining the damage areas in the 9 and 12J samples,
also reveals a similar trend. It would appear that a damage peak forms in the central plies
in both cases, which would suggest a transition to a bending type failure due to the in-
creased displacement during impact. Due to the high scatter in the results however, T-tests
showed it was not possible to make this conclusion (tables 5.13 and 5.14). Again, the sta-
tistical tests showed no significant difference between the damage areas in the bulk of the
sample, although the front and back face damage areas were seen to be significantly from
the central interfaces. To make further conclusions it is proposed more repeat impact tests
would have to be made. It is clear however, that damage at all interfaces is increasing at

higher impact energies.

178



5.8. IMAGING RESULTS AND DISCUSSION

Table 5.11: P-values for interfacial damage areas after 3 J impact.

Interface | 1 2 3 4 5 6 7
1 x | 0.081 | 0.036 | 0.079 | 0.077 | 0.060 | <0.001
2 X X <0.001 | 0.025 | 0.016 | 0.020 | <0.001
3 X X X 0.928 | 0.530 | 0.825 | 0.512
4 X X X X 0.717 | 0.804 | 0.870
5 X X X X X 0.542 | 0.776
6 X X X X X X 0.593
7 X X X X X X X

Table 5.12: P-values for interfacial damage areas after 6 J impact.

Interface | 1 2 3 4 5 6 7
1 x | 0.977 | 0.001 | <0.001 | 0.036 | 0.432 | 0.018
2 X X 0.004 | <0.001 | 0.048 | 0.043 | 0.004
3 X X X 0.168 | 0.690 | 0.832 | 0.461
4 X X X X 0.228 | 0.674 | 0.807
5 X X X X X 0.652 | 0.375
6 X X X X X X 0.804
7 X X X X X X X

Table 5.13: P-values for interfacial damage areas after 6 J impact.

Interface | 1 2 3 4 5 6 7
1 x | 0.977 | 0.001 | <0.001 | 0.036 | 0.432 | 0.018
2 X X 0.004 | <0.001 | 0.048 | 0.043 | 0.004
3 X X X 0.168 | 0.690 | 0.832 | 0.461
4 X X X X 0.228 | 0.674 | 0.807
5 X X X X X 0.652 | 0.375
6 X X X X X X 0.804
7 X X X X X X X
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Table 5.14: P-values for interfacial damage areas after 12 J impact.

Interface | 1 2 3 4 5 6 7
1 x | 0.009 | <0.001 | <0.001 | 0.001 | 0.001 | 0.132
2 X X 0.613 | 0.348 | 0.659 | 0.684 | 0.020
3 X X X 0.077 | 0.743 | 0.602 | <0.001
4 X X X X 0.086 | 0.068 | <0.001
5 X X X X X 0.883 | 0.001
6 X X X X X X 0.002
7 X X X X X X X

By considering the extent to which damage spreads horizontally and vertically from
the impact zone, further insights into the failure processes can be gained. In all cases
for the UD material it was found that the distance from the centre of the sample to the
edge of any given damage interface increased with depth through the laminate, despite
the fact that the individual damage areas did not significantly alter. Interestingly, the
delaminations were observed to grow in preferential directions. Damage interfaces were
seen to grow in preferential directions, alternately. For example, the first interface always
grew in the 0°ply direction, followed by delaminations preferentially moving outwards in
the 90°direction in every other interface. Figure 5.40 shows examples for a 12 J impacted

sample.
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(a) Damage shape at interface 1 (b) Damage shape at interface 2

(c) Damage shape at interface 3 (d) Damage shape at interface 4

Figure 5.40: Typical damage shapes at ply interfaces in a UD sample impacted at 12 J.

This alternating damage shape has been reported as an artefact of the shear stress dis-
tribution through the sample (Bednarcyk et al., 2007; Joshi and Sun, 1985; Richardson
and Wisheart, 1996). The direction of delamination orientation, and subsequent direction
of movement through the thickness of the laminate is dependent on the orientation of the
ply above the delamination. An interface below a 0° ply will therefore move in that orien-
tation. Figure 5.41 illustrates a recent solution proposed by NASA for how the dominant

shear stress direction changes through the thickness of a quasi-isotropic laminate.
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Figure 5.41: Distribution of shear stress in a quasi-isotropic laminate (Bednarcyk et al.,
2007)

Although the solution presented in figure 5.41 is not for the same lay-up configuration
study used here, it provides an explanation of the mechanism which may be the cause of
the alternating delaminations. Application of a laminate theory numerical analysis would
be needed to provide the full evidence for this observation.

By comparing the maximum extents of the delaminations, further characterisation of
the damage evolution can be obtained and related to impact and CAI results. Figure 5.42
shows the how the maximum horizontal and vertical damage extents vary with impact

energy.
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Figure 5.42: Horizontal and vertical damage extent in UD samples under various impact
energies.

Figure 5.42 shows a linear relationship between vertical and horizontal damage extent
with increasing impact energy. The trend is biased slightly towards the vertical damage
extent, but in the case of 12 J, the damage was constrained by the edge of the aperture
holding the sample. This observation would suggest that the damage is a function of both
horizontal and vertical damage extent, in addition to the plastic damage induced under
the impactor. By increasing the vertical damage extent, the support of the central 0°plies
is reduced, increasing the likelihood of buckling during CAI testing. Additionally, the
increasing horizontal extent of damage reduces the cross sectional area available for stress
transfer to the fibres, effectively reducing the load bearing area for sustaining compression
load- also leading to a reduction in CAI strength. Many papers have been published in the
literature regarding the direct cause of CAI failure, and many different damage parameters
have been suggested as the most important for correlating damage and CAI results. For
example, Prichard and Hogg (Prichard and Hogg, 1990) proposed damage width due to
delamination was the main damage criterion effecting failure, due to the residual area
to support compressive load. Projected delamination area (de Freitas and Reis, 1998)
and delamination area coupled with impact induced fibre damage (Soutis, 1997; Soutis
and Curtis, 1996) have also shown to be suitable criteria. The results shown here seem
to reinforce the observations found in the literature. Although it is beyond the scope of
this work to improve understanding of the fundamental damage mechanisms, it has been
shown that CT can be used to quantify damage in a way which complements more detailed
studies of failure from a mechanics/ analysis perspective using other techniques (such as

optical microscopy and C-scan).
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5.8.2.3 Quantifying Damage in Woven Samples

Initial quantification on the woven samples was performed in the same manner as
for the UD samples, using the mask summing procedure previously described in figure
5.32. Figure 5.43 compares the damage area masks for CT vs. the areas obtained from
the transmission C-scan. Although both measurement techniques reveal a characteristic
damage area, in this instance the CT appears to reveal less damage area than the C-scan.
The CT images do, however, reveal an intensity variation which highlights a higher degree
of damage in the centre. This intensity variation is not apparent in the C-scan images due
to the inability of transmission C-scan to differentiate overlayed damage. Interestingly
this comparison between CT and C-scan is in contrast to the measurement for the UD
materials where measurements were statistically identical over the full range of samples
measured. By plotting the measured damage area in the woven samples and comparing
the CT and C-scan measurements, there is a significant disparity between the measured
area (figure 5.44).
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Figure 5.43: In-plane damage area under increasing impact energies for woven material.
CT images (left column) are through-thickness summations of total in-plane damage,
compared against transmission C-scan data (right column).
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Figure 5.44: Variation of in-plane damage area with impact energy for woven material.

Two possible explanations exist for the differences in measured areas observed in
figures 5.43 and 5.44. The first is due to the partial volume effect; the resolution achieved
in imaging the entire sample, coupled with the scale of individual damage features means
that these features only occupy several pixels through the thickness of the object. This
results in a reduced grey value for the damage compared with larger damage features (i.e.
those seen in the UD samples), causing fewer pixels to be selected for a given threshold.
The second, and possibly additional, reason could be due to the user’s discretion when
thresholding. As the damage appears very similar in greyscale to resin pockets found in
the woven material, it was very difficult to assess which features were actually damage
at this resolution. Examining the graphical relationship in figure 5.44, however, would
suggest this is unlikely as the gradients of the CT and C-scan trend lines are virtually
identical. It would be very difficult to achieve such a close trend if manual error were the
sole cause of thresholding differences.

Despite any errors which may be arising in the thresholding, the results still convey
the fact that the relationship between impact energy and damage area is linear (as was
seen in the UD materials). By examining the evolution of damage through the thickness,
we can see that damage in the woven materials initiates at the front and back surfaces at
low energies, before propagating into the central regions at higher energies (figures 5.45
to 5.48). Making statistical comparisons, however, was difficult with the woven material
due to the high frequency of small delaminations and cracking regions. This meant that

specific damage interfaces between plies were not observed.
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Figure 5.46: Mean damage area as a function of depth for the 6 J impact
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Figure 5.48: Mean damage area as a function of depth for the 12 J impact

Interestingly, the extent of damage (i.e. the horizontal and vertical distances over

which damage was spread) did not appear to change through the thickness of any given

plate. In contrast to the UD material, where interfacial damage moved away from the

impact site through the plate thickness, it appears the damage is constrained to the region

under the impactor for the woven materials.

As figure 5.49 shows, a linear relationship exists between the vertical and horizontal

damage extents, but even at 12 J, the damage extent only just exceeds the diameter of the
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impactor (20 mm). This feature is a common property of woven materials, whereby the
fibre tow waviness increases crack path tortuosity and prevents delamination and crack
growth outwards (manifested as an increased fracture toughness), but allows propagation
of damage down into the plate. By preventing outwards crack growth, the reduction in
compression strength (as a fraction of the undamaged strength) is less severe in the woven

materials. This characteristic was shown experimentally to be the case in section 5.5.
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Figure 5.49: Horizontal and vertical damage extent in the woven material under various
impact energies.

With reference to the interlaminar shear strength tests which were reported in section
5.6, the CT 1maging results show that the high ILSS of the UD material prevents signifi-
cant damage propagating directly down from under the impact point. Instead, the damage
clearly moves away from the impact zone through delamination. Conversely, the reduced
ILSS of the woven composite means that failure of the matrix can occur more easily in
the through-thickness direction. In-plane damage progression however, is halted by the
waviness of the fibre tows which increase the in-plane fracture toughness. These observa-

tions are demonstrated further in the section regarding region of interest imaging, Chapter
6.

5.9 Chapter Summary and Conclusions

The work presented in this section has shown that CT can be used as an effective tool
in the non-destructive evaluation of impact damage in miniaturised CAI plates, in both
UD and woven materials. The imaging technique allowed the identification of the types

of damage in both materials. For the UD materials, matrix cracking, delaminations and
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implied fibre failures were identified as damage mechanisms. Similar damage was ob-
served for the woven materials, although significant fibre tow failures were seen to occur
at higher impact energies. The resolution achieved in imaging the woven materials how-
ever prevented a level of analysis comparable with that performed on the UD materials
being achieved.

An image segmentation and masking methodology allowed the quantification of dam-
age in both materials, which allowed measurements to be compared to transmission C-
scan data. It was found that measurements made on the UD materials agreed well between
CT and C-scan, but a significant difference was observed when comparing data for the
woven materials. The relatively low resolution and partial volume effects were deemed
to be the case for this disparity in measuring the woven samples, and it was proposed
that a region of interest CT experiment should be performed to better identify the damage
mechanisms in woven materials.

The quantification methodology allowed CT data to be related to observations on im-
pact damage and CALI failure made in the literature by other methods. The results obtained
in this study agreed well with that found in the literature, and by characterising damage in
3D, observations made in the literature have been strengthened by supporting evidence.

Regarding the damage results observed here compared to those in the literature, the
impact damage response of UD and woven CFRP materials has been well documented.
Early work on experimental characterisation of impact damage by authors such as Brad-
shaw et al. (1973); Cantwell and Morton (1990); Chamis et al. (1972); Dorey et al. (1985);
Joshi and Sun (1985); Morton and Godwin (1989); Rogers (1971) highlighted the charac-
teristic damage mechanisms and shapes of delamination patterns. The results shown here
are consisted with this early work. Work presented in this thesis has further confirmed
results by authors such as Ambu et al. (2006); Choudhry (2009); Dear and Brown (2003);
Tan et al. (2011a,b); Yan et al. (2010); Yang and Cantwell (2010), concerning issues such
as the relationship between damage area and impact energy, compression after impact
relationships, and the types of damage present in the materials. As these characteristic
damage mechanisms and patterns are so well documented, more recent papers have not
substantially added to the fundamental understanding of impact damage processes. How-
ever, these more recent papers have generally used experimental damage observations to
provide evidence in support of advances in damage models, materials improvements such

as resin toughening, or validation of NDT processes (as in this work).

190



CHAPTER
SIX

REGION OF INTEREST IMAGING OF IMPACT
DAMAGE IN CFRP

6.1 Introduction

This chapter covers the application and assessment of two different data completion
methods for performing region of interest (ROI) imaging on impact damage in CFRP
materials. The work in Chapter 5 demonstrated the ability to characterise damage by
imaging the full object, but was not able to provide sufficient resolution for high qual-
ity imaging of matrix cracking in either candidate materials. Imaging was particularly
difficult in the woven material due to the high number of very small cracking features,
and low contrast between resin pockets and damage. Impact samples of both materials
were therefore imaged under region of interest conditions to assess damage at a higher
resolution. To assess the effectiveness of ROI data completion methods, two algorithms
were applied to ROI scans of an impacted CFRP coupon. ‘Level’ extension and ‘cosine’
extension methods were used, and are described in detail in section 6.3.2. The effect of
the number of projections taken under ROI conditions was also explored and compared
with the data completion methods.

Samples of UD and woven materials impacted at 3, 6, 9 and 12 J were then imaged
under region of interest conditions to assess the damage at a high resolution.

The aims of this work were therefore to:

* Modify existing ROI algorithms, allowing them to function on the micro-CT sys-
tems at the HMXIF

* Assess the practical application of two ROI algorithms for imaging damage in
CFRP laminates

* Apply ROI imaging to characterise damage at a high resolution
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6.2 Background

Under ideal circumstances, CT imaging of objects using cone beam geometry should
be performed with the entire object within the FOV of the detector. If this is not the case,
truncation and missing data artefacts can arise. The type of artefacts which can arise were
discussed in Chapter 3, along with the various methods which have been implemented to
overcome these. Figure 6.1 is an illustration from Amos (2010), which gives a simplified

overview of how missing data occurs due to ROI scanning.
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Figure 6.1: Simplified explanation of missing data problem.

Figure 6.1 illustrates that by filling the FOV with only 50% of the maximum object
dimension, projections taken at 90°contain 50% of the attenuation information compared

to projections at 0°. This mismatch in attenuation data is the cause of truncation and

missing data artefacts.
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In many circumstances it may be necessary to image a CFRP sample under high mag-
nification conditions, but undesirable to physically section the object to fit within the FOV.
The work presented here, considering impact damage, is a perfect example of the need for
ROI imaging. Cutting the sample is undesirable for two reasons. Firstly that sectioning
may propagate or change existing damage. Secondly, further mechanical testing may be
required on the samples which are being imaged, as was done in this work by CAI testing.

To assess the effectiveness of ROI data completion methods, two algorithms were
applied to ROI scans of an impacted CFRP coupon. 'Level’ extension and ’cosine’ exten-
sion methods were used, and are described in detail in section 6.3.2. Samples of UD and
woven materials impacted at 3, 6, 9 and 12 J were then imaged under region of interest
conditions to assess the damage at a high resolution.

To the authors knowledge, no ROI imaging concerning impact damage in CFRP on

laboratory micro-CT systems has been published.

6.3 Assessment of ROI data completion methods

To assess the effectiveness of ROI data completion methods, two algorithms were ap-
plied to ROI scans of an impacted CFRP coupon. A level extension and cosine extension
methods were used, and are described in detail in section 6.3.2 This coupon was of the
same dimensions as those imaged in Chapter 5, and was impacted using the drop weight

impact tower at an energy of 12 J.

6.3.1 Imaging Experimental Method

A coupon of UD CFRP consisting of 10 plies and measuring 89 x 55 mm (as used in
Chapter 5) was CT imaged under ROI conditions by setting a magnification whereby the
magnification results in the object exceeding the detector FOV. This experimental set up is
shown in figure 6.2. The imaging conditions for the CT scan are provided in table 6.1. A
second scan was also performed with the sample physically cut to the size of the original
RO, so that the width of the object fell within the detector FOV. Imaging conditions were

otherwise exactly the same as for the ROI scan.
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Figure 6.2: ROI imaging setup

Table 6.1: Image conditions for ROI imaging of impact test coupon

Image Variable Condition
Target Material Molybdenum
Accelerating voltage 80 kV
Filament current 250 mA
Frame exposure time s
Number of projections 3142
Rotation angle 360°
Magnification 18 X
Effective pixel size 11 pm
Approximate field of view 22 mm

6.3.2 Data Completion Methods

Two data completion methods were applied to the ROI data set. The first was a level
extension method, proposed by Kyrieleis et al. (2010). This method extends the radio-
graphic projections at each side of the projection by a set amount. The pixel values for
each edge’s extension are the same as the edge pixel value at the corresponding side of
the object. The second method uses a sinogram extension, whereby the edge values are
tailed off to the background intensity using a half sine wave function. The equation of the

sine wave was specified by Amos (2011) as shown in equation (6.1).
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Y= 1+ 32) + (v, = y2)cos <:1: — xl)z> (6.1)

2 2 d

Where y; is the start pixel value, ys is the end pixel value, x is the pixel number, x; is
the first pixel number and d is the length of the tail (Amos, 2011).

In both extension cases Matlab code was used to apply the corrections to the original
projection sets. The Matlab code was provided by Matt Amos (a previous EngD student),
but was modified to account for the larger detector on the Nikon Metrology Custom Bay,
and to interface with the current version of the reconstruction software CT Pro. For each
completion method three sets of projections were generated, using 100, 500 and 1000
pixel extensions at each edge of the projection. This resulted in projections measuring
2200, 3000, and 4000 pixels across respectively.

Figures 6.3 to 6.6 show an example projection from four of the data sets, along with a
corresponding attenuation line integral profile across the projection. The attenuation line
integral is shown rather than a simple line profile across the object, as it is this parameter
which is reconstructed. The attenuation line integral is simply the negative logarithm of
the original projection. Starting with the original ROI data set (6.3, figures 6.4 and 6.5
then show examples of data completion with 500 pixel extensions. The data sets with
100 and 1000 pixel extensions have similar characteristics, the pixel extension length just
varies. Figure 6.5 details that using the cosine extension method achieves a close match
with the ‘ideal’ projection, where the entire object fits within the detector FOV (see figure
6.6).

195



6.3. ASSESSMENT OF ROI DATA COMPLETION METHODS

Attenuation line integral

i i i i i i i
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Distance/ pixels

.

(b) Attenuation line integral across central pixel row in (a)

Figure 6.3: Projection and line profiles with no data completion.
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(a) ROI projection of impact damage area with a 500 pixel level extension at
each edge
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Figure 6.4: Projection and line profiles with level extension data completion.
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(a) ROI projection of impact damage area with a 500 pixel cosine extension at
each edge
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Figure 6.5: Projection and line profiles with cosine extension data completion.
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(a) ROI projection of impact damage with sample
physically sectioned
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Figure 6.6: Projection and line profiles with object sectioned to fit within ROI field of
view.

6.3.3 Results and Discussion

This section presents image analysis results from the ROI imaging experiments. Ini-
tially, a comparison between ROI imaging and physically sectioning the sample is made.

An analysis of the data completion methods then follows.

6.3.3.1 ROI vs. Sectioning

The central slice from each data set was reconstructed using the commercial recon-
struction software CT Pro, using all 3142 projections. These central slices were output
in 32-bit floating point number form to preserve the original greyscale values, allowing a

direct comparison to be made between different data sets.
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Comparing the original ROI scan with no data padding against the scan performed on
the physically sectioned sample highlights several features. Firstly, the noise in the ROI
scan is significantly higher than in the sectioned scan. Secondly, a general loss in signal
intensity within the object is seen in the ROI scan, apparent as reduced object brightness.
A bright ring around the edge of the reconstruction in the ROl is also apparent. This ring-
ing artefact is characteristic of ROI scans and is caused by the data truncation introducing
high frequency artefacts at the edge of the projections. These artefacts are amplified by
a ramp filter in the reconstruction algorithm. The combination of increased noise and
reduced object intensity results in reduced signal-to-noise (SNR) and contrast-to-noise
(CNR) ratios in the ROI scan. Figure 6.7 shows the reconstructed cross sections of the

ROI and sectioned data sets. Table 6.2 then gives respective image quality parameters.

(a) Reconstructed cross section of ROI (b) Reconstructed cross section of

scan with no data completion applied physically sectioned object

Figure 6.7: Comparison of ROI and sectioned cross-sections of impacted CFRP sample.

Table 6.2: Image quality indicators for sectioned and ROI scans.

Scan Type
Image Quality Indicator Sectioned | ROI
Mean background brightness/ greyscale -1.01 2.50
Mean object brightness/ greyscale 50.67 43.49
Mean object standard deviation (noise) 3.92 7.15
Object signal-to-noise ratio 12.94 6.08
Object contrast-to-noise ratio 13.19 5.73

As a result of the degradation in image quality, object features (in this case cracks
and delaminations) become more difficult to identify from the background. Drawing a
line profile across corresponding features in the ROI and sectioned scans illustrates how

feature contrast is reduced (figure 6.8).
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(a) Cropped view of ROI scan with no (b) Cropped view of sectioned scan
data completion applied
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(c) Line profiles across (a) and (b)

Figure 6.8: Cropped views of ROI and sectioned scans demonstrating loss in feature
contrast. Note that line profiles are slightly offset due to sample not being scanned in
exactly same position once it had been sectioned.

From figure 6.8 it can be seen that contrast between the object and damage is reduced.
Interestingly however, the edge contrast at the damage points is not significantly altered.
The gradient of the greyscale line at the damage interfaces is very similar in both scans
(10 grey values / pixel in the ROI scan, and 11 grey values / pixel in the sectioned scan).
Performing a ROI scan, therefore, has not significantly degraded the ability to identify the
damage features present in the centre of the reconstructed slice. The introduction of ring-
ing artefacts and reduced CNR, however, do cause difficulties during image segmentation
as figure 6.9 shows. By applying a global ISO 50 threshold to segment the object from
the background, the influence of the ringing artefacts and increased noise is apparent.
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(a) ROI (b) Sectioned

Figure 6.9: ISO 50 thresholds of ROI and sectioned CT scans

Figure 6.9 shows that performing thresholding of the object in the ROI scan tends to
include pixels around the circumference of the reconstructed CT slice as these pixels have
similar intensity values to the object. The increased noise also results in random dark
pixels included within the object, and random light pixels to appear within the cracking
/ delamination regions. In practise this noise has significant effects on the time taken to
process CT data as a high degree of manual interaction during thresholding is required to
ensure correct selection of appropriate features. Although processing filters such as noise
reduction can be applied, inevitably these involve some type of trade-off. For example,
applying noise reduction filters can help to remove random noise away from the edges of
the reconstruction, but decreases edge contrast at damage features or remove small fea-
tures completely. Figure 6.10 compares the original ROI against a noise-reduced version
which uses a 3 x 3 pixel noise reduction filter. Small cracks in the region of 1-2 pixel
dimensions are eliminated and object-crack contrast is slightly reduced. Edge contrast at
major features, in this case delaminations, is not significantly affected, as shown in the
line profiles across AA’ and BB’ (figure 6.10(b)).
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(b) Intensity line profiles across AA’ and BB’ from (a).

Figure 6.10: ISO 50 image segmentation of original ROI data versus a 3 x 3 pixel noise
reduction.
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6.3.3.2 Data Completion Results

Figures 6.11 (a)-(d) are reconstructed cross sections of the impacted sample with var-
ious level extensions applied. The data sets range from 0 to 1000 pixel extensions at
each edge, compared to the original truncated data with no extension applied. Increasing
the length of the level extension has the effect of moving the characteristic ROI ringing
artefact further away from the centre of the reconstruction. The intensity of the ringing
artefacts, however, does not reduce. In contrast, figure 6.12 illustrates that the cosine ex-
tension moves the ringing artefact further away from the centre of the reconstruction, but
also reduces its intensity to the background intensity when using 1000 pixel extension.
The cosine extension does however, blur the ringing artefact over a larger area before
removing its effect completely. The reconstructed cross sections in 6.11 (a)-(d) are dis-
played to their relative sizes. By increasing the data extension, the reconstructed area
becomes larger but pixel size is maintained, in this case 11 pm.

This reconstruction area increase has practical implications because it means the data
file size also increases with increased data extensions. For example, a normal recon-
structed CT slice from a 2000 x 2000 pixel detector is 16MB, whereas a cross section
extended by 1000 pixels results in a 32 MB cross section. Obviously this can place sig-
nificant computational strain on the reconstruction process. In practise, only the section
within the ROI would be reconstructed to reduce memory consumption, but the radio-
graphic projections forming the reconstruction would still double in data size. A typ-
ical scan with 3142 projections could therefore consume up to 50,272 MB (at 8 MB/

projection).
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(a) Original ROI data with no data (b) Level extension with 100 pixels at each
extension edge

(c) Level extension with 500 pixels at each edge

(d) Level extension with 1000 pixels at each edge

Figure 6.11: ROI reconstructions using level extension method
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(a) Original ROI truncated data with no (b) Cosine extension with 100 pixels at each
data extension edge

(c) Cosine extension with 500 pixels at each edge

(d) Cosine extension with 1000 pixels at each edge

Figure 6.12: ROI reconstructions using cosine extension method

From figures 6.11 (a)-(d), the ringing artefacts were seen to move away from the initial
ROI using the level extension, and be completely removed with the cosine extension of

1000 pixels. By plotting a line intensity profile across a pixel distance equivalent to the
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original ROI, comparisons between the two extensions can be made. Figure 6.13 shows

the brightness variation across the object using the two extension methods, compared to

the original truncated ROI.
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(a) Line profiles across 6.11(a)-(d).

%0 ! ! ! ! ! ! ! '

— Truncated
80fF G B s B P HENTE i ——Cosine 100 |-
: : : : : : : — Cosine 500

50

40

Intensity/ greyscale

N w
o (=]

-
o

70F A I S T e R ~.|—Cosine 1000| -
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Figure 6.13: Line profiles across the centre of the object using level and cosine extension

methods.
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From figure 6.13, within the ROI both methods of data extensions perform similarly.

The increased brightness at the edge of the object is suppressed well in both methods. The

edge brightness is suppressed to reasonable levels by using a 500 pixel extension in both

cases, with little improvement at 1000 pixel extension. The effect on image segmentation,

again using an ISO 50 threshold, is displayed in figure 6.14.
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(a) Original truncated ROI

(b) 100 pixel level extension (c) 100 pixel cosine extension

(d) 500 pixel level extension (e) 500 pixel cosine extension

(f) 1000 pixel level extension  (g) 1000 pixel cosine extension

Figure 6.14: ISO 50 thresholds of original truncated ROI data and extension methods
using various tail lengths.

Under all three extension conditions, the level and cosine methods give similar seg-

mented results. As table 6.3 shows, both give virtually identical results in terms of image
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quality indicators, showing neither degradation nor improvement over the original trun-
cated data. Although minor differences are seen (1 or 2%), it is difficult to say whether
this is a statistically significant difference without performing several repeat scans and
data extensions. Such a small difference, if it were statistically significant, would be

unlikely to have any effect on segmentation results.

Table 6.3: Image quality indicators within the object for level and cosine data completion
methods

SNR CNR
Extension length/ pixels | Level | Cosine | Level | Cosine
100 6.07 6.12 5.51 5.53
500 5.88 6.01 5.53 5.54
1000 5.92 5.75 5.54 5.56

In summary, it is apparent that using data completion techniques has improved the
imaging results in terms of artefact suppression. Edge ringing artefacts were successfully
suppressed, giving practical improvement for segmentation of impact damage towards the
edges of the ROI. The damage in this case was, however, mainly confined to the centre of
the object where ringing artefacts did not have much influence in the truncated ROI scan,
meaning the identification of damage features was not significantly affected. The sharp-
ness of damage features were not significantly affected by the presence of ringing arte-
facts in the truncated data, but their contrast against the background was reduced. From
a global thresholding perspective, this ringing effect did have an effect on the number of
pixels selected as part of the object when using ISO 50 thresholding. Under the condi-
tions studied here, an extension of 500 pixels managed to overcome the ringing artefacts
to the point where they no longer affected thresholding results. Image noise still remains
a problem with ROI, however, as this is not improved by using data completion methods.
The next section looks at how the number of projections has a significant influence on the
image quality. Although both data extension methods were seen to produce similar results
in terms of image quality and ringing artefact suppression, the cosine method offers a sig-
nificant advantage in that it allows automatic centre of rotation calculation. Because the
edge of the object is tailed to the background intensity level, artificial edges are produced
at the extent of the object. The automatic centre of rotation routine in CT Pro is based
on edge sharpness, and cannot function in cases where there is low absolute contrast be-
tween the object and background, and edges are outside the field of view. Obviously ROI
of CFRP meets both of these criteria, hence using the cosine method overcomes the edge

detection problem.
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6.4 Effect of Number of Projections on Image quality in
ROI Scans

In addition to implementing the level extension method on synchrotron CT data,
(Kyrieleis et al., 2010), demonstrated the suitability of using extra projections in ROI
imaging when compared to full FOV imaging. Section 6.3.3 shows that for the high as-
pect ratio objects used in this study, data completion methods were effective at removing
ringing artefacts but had no influence on other image quality indicators such as contrast-
to-noise ratio. A study on the effect of the number of projections used in the reconstruction
was performed to assess the applicability of using extra projections when ROI imaging

on a cone beam system.

6.4.1 Experimental Method

A 55 x 89 mm CFRP coupon which had been impacted at 12 J was imaged using the
CT imaging procedure described in 6.3. Six CT scans were performed, using 197, 393,
786, 1571, 3142 and 6284 projections. Table 6.4 gives the imaging conditions used in the

experiment.

Table 6.4: Image conditions for ROI imaging of impact test coupon using varying projec-
tion numbers

Image Variable Condition
Target Material Molybdenum
Accelerating voltage 80 kV
Filament current 250 mA
Frame exposure time ls
Rotation angle 360°
Magnification 31X
Effective pixel size 6.3 pm
Approximate field of view 12.6 mm

Once the data sets had been acquired, the central slice from each CT scan was recon-

structed using CT pro. No data completion methods were applied to the projections.

6.4.2 Results and Discussion

Figures 6.15(a)-(f) show the central reconstructed slice from the ROI scans, starting
with 6284 projections and ending with 197 projections. Immediately apparent is the in-
creasing noise as the number of projections is reduced, along with a gradual degradation

of the features that are clearly visible. The very small matrix cracks which do not fully
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cross a ply are particularly reduced in clarity. The major delaminations (running left to
right), however, remain visible even with 197 projections. The contrast of these delami-

nations is reduced, but moreover they appear increasingly blurred.

(f) 197 projections

(e) 393 projections

Figure 6.15: ROI reconstructions with varying numbers of projections
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To quantify the effect of the number of projections, several image quality measure-
ments and intensity line profiles were taken from each cross section. Figure 6.16 shows

the locations where these measurements were taken from.

Figure 6.16: Location of measurements for image quality indicators and line profiles.

To calculate signal- and contrast- to-noise ratios, pixel values were averaged over two
areas from each cross section. Region A allows calculation of the SNR in the object by
comparing the mean pixel value (signal) to the standard deviation (noise). Subtracting
the signal value in B from that in A and dividing by the noise in A results in the CNR.
Line profiles across CC’ and DD’ allowed examination of the contrast of delamination
and shear crack damage respectively. Figure 6.17 shows the variation of SNR and CNR
with number of projections. In contrast to the image quality behaviour observed in full
field-of-view samples, neither SNR or CNR appear to have reached a plateau by 6284
projections. Although the rate of increase in image quality is reducing between 3142
and 6284 projections, results suggest significant quality improvements could be achieved
with more projections. This observation is in agreement with the results presented by
(Kyrieleis et al., 2010), in that the optimal number of projections for ROI reconstruction is
greater than for full FOV reconstruction. It is unlikely that local microstructural features
play a significant role in the SNR values obtained in the bulk material, as the material
contains a high volume fraction of uni-direcitonal fibres, the resolution is below the scale
of these fibres, and the resin is of virtually identical attenuation coefficient as the fibres.
Furthermore, porosity appears to be very low and no pores were counted in the SNR

measurements for the bulk material.
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Ratio Value

i i i i i
0 197 393 786 1571 3142 6284
Number of Projections

Figure 6.17: Variation of SNR and CNR with no. of projections for ROI scan of impacted
sample.

Although the image quality was significantly improved by using 6284 projections,
the practical application is somewhat limited. Figure 6.18 reveals that the delaminations
covered by the line profile CC’ in figure 6.16 are still significantly separated from the
background with only 1571 projections. The widest delamination is in fact still apparent
in the line profiles even at 786 projections. Likewise, figure 6.19 contrast of the shear
crack measured by line profile DD’ from figure 6.16 is still apparent at 786 projections.
It could perhaps be implied that some remnants of the features are visible using just 197
projections, but noise peaks of equal amplitude have also been introduced, making this a

difficult conclusion to make.
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Figure 6.18:

(e) 393 projections

(f) 197 projections

Line profile across CC’ in figure 6.16, showing delamination contrast with
decreasing numbers of projections used in ROI imaging of impact damage.
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Figure 6.19: Line profile across CC’ in figure 6.16, showing shear crack contrast with
decreasing numbers of projections used in ROI imaging of impact damage.

Performing an automatic region growing thesholding based on the grey values in the
centre of the damage features gives an indication of the effect of CNR on the quantification
of damage. Figure 6.20 shows the damage area obtained in each projection case. It can
be seen that the reducing CNR ratio with decreasing projections has a significant effect
on the damage features which are segmented, as well as the area. Initially the damage
area increases as the threshold grows into noisy areas surrounding the damage, but then
reduces as contrast between the damage and object reduces. Eventually the noise becomes
almost indistinguishable from the damage and the automated thresholding struggles to
pick up the damage. Even the small matrix cracks which are visible by eye become lost
in the noise by 1571 projections. Although manual segmentation could improve results,
the complexity of the damage and the amount of time required to do so prevented further

segmentation studies, but should be considered for further work.
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Figure 6.20: Segmented damage areas as a function of projections used in the reconstruc-
tion.

In summary, the number of projections taken when performing ROI CT scans has a
significant effect on the image quality. It was found that a significant increase in image
quality can be obtained by using 6284 projections, with the results suggesting further
increases could be obtained by using even more projections. This observation was in
contrast to performing full field-of-view tomography where the image quality becomes
limited towards 3142 projections (see Appendix A). The degradation in image quality by
using fewer projections suggests that at least 3142 should be taken to gain an accurate
picture of impact damage at the higher resolutions shown in this section. The blurring
of features and increased noise below this number resulted in the loss of some damage

features and a significant reduction in the damage area measured using automated thresh-
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olding. This result could likely be improved through the use of manual segmentation

methods, but the sheer amount of time this takes would make the process uneconomical.

6.5 ROI Imaging of Impact Damage

In Chapter 6, CT imaging was used to characterise the global extent of damage in UD
and woven CFRP materials. Although this procedure was successful in characterising and
quantifying the extent of in-plane damage, it was difficult to assess the micro-mechanisms
of damage due to insufficient resolution and low contrast. In order to characterise further
the types of damage found in the UD and woven materials, the samples investigated in
Chapter 5 were imaged under ROI conditions before the CAI testing was performed. Due

to time constraints only one sample from each impact energy was imaged.

6.5.1 Experimental Method

Samples were imaged using the same CT setup described in figure 6.2, with a slightly
increased magnification. Two frames of 1 s exposure were also averaged to reduce noise,
giving a total acquisition time of 2 s per projection. Two CT scans were performed; one
for the UD material and one for the woven material. In each scan four samples (3, 6, 9, 12
J) were stacked together and imaged at the same time, providing a reconstructed volume
encompassing approximately 18mm?. Table 6.5 gives the imaging conditions used in the

scans.

Table 6.5: Image conditions for ROI imaging UD and woven impacted coupons

Image Variable Condition
Target Material Molybdenum
Accelerating voltage 80 kV
Filament current 250 mA
Frame exposure time Is
Frames per projection 2
Number of projections 3142
Rotation angle 360°
Magnification 225X
Effective pixel size 8.9 um
Approximate field of view 18 mm

After acquisition of the two CT data sets, a cosine data extension of 500 pixels was
added to both data sets to reduce ringing artefacts and assist with centre of rotation calcu-

lation.
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6.5.2 Results and Discussion

This section presents the imaging results of the ROI investigations. All references
to co-ordinate systems and planes are the same as that outline in figure 5.20, Chapter
6. Due to the resolution achieved in these experiments, the field of view is contained
entirely within the extent of the damage zones in both UD and woven materials. Due to
the complex nature of damage observed on the micro-scale, particularly for the woven

composites, the discussion of damage under ROI conditions is generally qualitative.

6.5.2.1 Uni-Directional Material

Figures 6.21 to 6.24 are reconstructed cross-sections of UD impacted samples ranging
from 3-12 J. Each figure shows the XZ plane directly under the impactor contact point,
(a), and Smm from the contact point, (b). In terms of the damage mechanisms which
are visible, the ROI scans provide limited extra information about the UD samples. The
delaminations and inter-laminar shear cracks which were visible in the full-FOV scans
(Chapter 6) are the dominant damage features. In all cases it can be seen that the region
directly under the impactor and in the centre of the cross section is relatively free from
delaminations or shear cracks (see (a) in each of figures 6.21 to 6.24). Moving away
from the impact contact point results in delaminations moving into the central regions,
connected by matrix shear cracks. As the impact energy is increased, the density of these
matrix shear cracks in any given cross section also increases. However, attempting to
quantify this effect did not yield any numerical trends due to the relatively small area of
these defects compared to the delaminations which extend across the entire field of view
in all cases due to the high magnification. The high scatter of damage volume, typical

to composite materials, also makes deducing damage statistics impossible with only one

sample at each energy.

(a) Directly under impactor tip

s

(b) 5Smm from impactor tip

Figure 6.21: Reconstructed cross sections in XZ plane of UD material. 3 J impact.
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(a) Directly under impactor tip

(b) 5Smm from impactor tip

Figure 6.22: Reconstructed cross sections in XZ plane of UD material. 6 J impact.

(a) Directly under impactor tip

(b) 5Smm from impactor tip

Figure 6.23: Reconstructed cross sections in XZ plane of UD material. 9 J impact.
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(a) Directly under impactor tip

(b) 5Smm from impactor tip

Figure 6.24: Reconstructed cross sections in XZ plane of UD material. 12 J impact.

Also visible from the high resolution ROI scans are bending cracks on the back face
of the sample. These bending cracks were not visible in the full FOV scans, and are
approximately 1-2 pixels wide. Propagating in a direction perpendicular to the back face,
these bending cracks appear to initiate directly under the impact zone, as opposed to the
shear cracks which do not appear directly under the impact tip. These bending cracks
then extend along the 0°direction and form a delamination at the ply interface adjacent
to the back face of the plate. Following these cracks through all the CT slices, it was
found that the remaining shear cracks and delaminations linked to these bending cracks
in all energy cases. It can therefore be supposed that these cracks actually initiate the
other types of damage caused by the impact event. In addition to resolving the back face
bending cracks, the ROI imaging has already revealed that many more shear cracks exist
between the delamination interfaces than initially found in the full FOV imaging. Many
of these interlaminar shear cracks, however, are extremely fine and do not penetrate all
the way through a given ply to join with the subsequent delamination.

Unfortunately the resolution achieved in the ROI scans was still not able to directly
resolve any fibre damage. Due to the impact energies and bending displacements experi-
enced (especially at 12 J) that significant numbers of fibres will have fractured or at least
de-bonded from the matrix. Further work investigating damage on a fibre and interface
level would certainly reveal more damage mechanisms, and should be considered as an

important area to further the work presented here.

6.5.2.2 Woven Material

The results in Chapter 5 demonstrated that at low energies (3 and 6 J), the damage in
the woven materials was most significant at the front and back faces. Increasing impact
energy caused propagation of damage down through the sample, but it did not significantly

spread out. In those imaging experiments however, it was very difficult to ascertain the
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precise mechanisms of damage. Low contrast between the object and background, in
addition to low resolution combined with partial volume effects were the cause of this
difficulty. In contrast to the ROI results from the UD material, ROI imaging of the woven
material provided significant improvement in the visibility of damage mechanisms.

Figures 6.25 to 6.28 show reconstructed cross sections for each impact energy. Similar
to the results shown for the UD material, cross sections at the impactor contact point and
Smm from the contact point are shown.

In the 3 J sample, the main damage mechanisms observed were shear cracking and
delamination. The delaminations, as for the UD material, were found to propagate from
the end of a shear crack. In this case, however, the delaminations did not propagate over a
wide area compared to those found in the UD material. The delaminations were found to
be numerous but prevented from spreading by the tortuous path created by the undulating
fibre tows. Some tow splitting was apparent at the impact site and corresponding region
on the back face.

At 6 J, the numerous small delaminations grow in size and begin to coalesce. Matrix
cracking was found to begin penetrating through the resin infiltrated fibre tows, forming

intra-tow damage. This damage mechanism was not observable in the imaging experi-

ments performed in Chapter 6.

2 mm

(a) Directly under impactor tip

2 mm

(b) 5Smm from impactor tip

Figure 6.25: Reconstructed cross sections in XZ plane of UD material. 3 J impact.
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(a) Directly under impactor tip

(b) Smm from impactor tip

Figure 6.26: Reconstructed cross sections in XZ plane of UD material. 6 J impact.

(a) Directly under impactor tip

(b) Smm from impactor tip

Figure 6.27: Reconstructed cross sections in XZ plane of UD material. 9 J impact.
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(b) Smm from impactor tip

Figure 6.28: Reconstructed cross sections in XZ plane of UD material. 12 J impact.

Figures 6.27 to 6.28 show a general increase in the damage mechanisms observed
at 3 and 6 J. Extensive delamination and out of plane displacement causes fibre tows to
separate and displace significantly from each other. The intra-tow damage mechanism be-
comes a significant fraction of the damage observed, and complete tow fracture is evident
at 12 J. Clearly the damage mechanisms evident in the woven materials are much more
complex in terms of their interaction with microstructural feature and their propagation
through the material when compared with the UD materials. Figure 6.29 is a 3D render-
ing showing the interaction of a delamination with intra-tow cracking. The delamination
has propagated around the surface of the fibre tow, then finds a path into the fibre tow and
propagates along the tow direction. This type of damage was found in both the warp and
weft fibre tows (i.e. the 0°and 90°tows).
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/4 \/

delamination Fibre tow outline Intra-tow cracking

(a) Magnified view of tow damage in woven CFRP sample subject to 12 J impact.

s i Tow direction
Delamination around fibre tow
surface

(b) 3D rendering of (a)

Figure 6.29: Propagation of a delamination into a fibre tow in plain woven CFRP.

In all cases, the most severe damage is constrained to the area directly under the im-
pactor contact point. This observation is in contrast to the propagation of damage in the
UD materials, where damage was seen to propagate from the back face and move coni-
cally around the impact location. Manual segmentation based on the damage greyscale
reveals the rapid decline of the damage moving away from the impactor contact point.
Figure 6.30 shows the damage area in mm? in the X Z plane as a function of distance

from the impactor.
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Figure 6.30: Variation of cross sectional damage area with distance from impactor contact
point in plain woven CFRP.

Although figure 6.30 cannot be said to be statistically significant, it does suggest a
trend at all impact energies. The large increase in damage between 9 J and 12 J can be
attributed to significant tow damage which was observed at 12 J. This behaviour was also
evident in the force-time curves in Chapter 6 (section 5.4), which displayed significant

load drops after the peak load under 12 J impact.

6.6 Chapter Summary and Conclusions

The work in this section has shown the application of ROI data completion methods
can significantly improve the overall image quality on the current generation of cone-
beam CT systems with large detectors. Although not strictly necessary for the identifica-
tion of damage mechanisms, by reducing the ringing artefacts caused by data truncation,
the segmentation of impact damage in CFRP materials was shown to be more accurate. In
terms of suppressing ringing artefacts, both the cosine and extension methods gave very
similar results. The cosine method however, has the advantage that it allows automatic
centre of rotation calculations to be performed when reconstructing data sets. Practi-
cal implementation of data completion methods for full volume reconstruction (i.e 2000
pixel® data sets) will depend heavily on the end use, due to increased data storage, mem-
ory and processing requirements. Data completion methods could prove useful in other
applications. For example, in the case of image based modelling finite element models
are generated from CT data sets. In these models, material properties are often based on

CT grey values and so local intensity variations due to artefacts need to be suppressed.
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The ROI studies here showed that the high aspect ratio of CFRP samples is actually a
benefit under ROI conditions, as many of the projections are not truncated. This situation
was highlighted when scanning 4 samples together (section 6.5; the use of a 500 pixel
cosine extension was not able to suppress the ringing artefacts to the extent observed when
scanning a single object. Further work should be performed to assess the relationship
between aspect ratio, absolute thickness and the amount of data truncated outside the
field of view in order to select the optimum ROI conditions for imaging CFRP. It was also
noted from the data presented that noise becomes a significant issue when imaging CFRP
under ROI conditions, mainly due to the relatively low absorbance of the materials. In

future it is suggested that this is compensated for by using a much higher X-ray flux.

ROI imaging allowed further damage mechanisms in both UD and woven materials
to be identified. In the case of UD materials, back face bending cracks were resolved and
deemed to be the initiation point for the remaining damage. Very small (<18um) intra-
laminar cracks which did not propagate through to subsequent delaminations were also
identified. Due to the dominance of delamination damage in terms of cross section area,
little quantitative information was gained from ROI imaging in the UD case. Although
it was clear by eye that intra- and interlaminar matrix cracking volume increased as both
a function of distance from the impact zone and impact energy, segmentation methods
need to improved to allow quantitative data to be extracted under these conditions. Time
permitting, a thorough manual segmentation approach could be used to map only the
cracking, but this would take an extremely long time considering the number of CT slices

and matrix cracks in a single impacted sample.

ROI imaging of the woven samples proved to be more useful. The improved reso-
lution allowed the many individual damage mechanisms to be identified. The density
and spatial extent of these mechanisms prevented their identification in the full field of
view imaging performed in Chapter 5. The damage mechanisms identified in the woven
material consisted of shear cracks and small delaminations under low energy impact, pro-
gressing to coalescence of delaminations, increased shear cracking, fibre tow failure and
intra-tow cracking at higher energies. These complex damage mechanisms account for
the increased impact energy absorption of the woven material compared to the UD. The
microstructural features of the woven material, such as tow waviness and higher resin vol-
ume fraction result in higher fracture toughness values preventing the spread of damage.
This type of behaviour has been reported in many publications, and the tomographic stud-
ies performed here have reinforced that understanding. Although damage in the woven
materials was seen to be contained under the impactor, as a result of the lower inter-
laminar shear strength (Chapter 5), damage did propagate easily between layers. This
observation demonstrates a structure-property trade off typical of composite materials.
The woven structure has increased energy absorption and prevented damage spread, but
the tow waviness and reduced volume fraction cause lower initial stiffness and strength

values.
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CHAPTER
SEVEN

IMAGING DAMAGE USING GRATING
INTERFEROMETRY X-RAY TOMOGRAPHY

7.1 Introduction

The work in this chapter focuses on the use of a grating interferometry based X-ray
tomography system to image impact damage in uni-directional CFRP plates. The exper-
imental work was performed at the Centre Suisse d’Electronique et de Microtechnique
(CSEM) in Zurich, Switzerland. The system used in this study is novel technology de-
veloped by PhD students and staff at CSEM, and is derived from similar imaging set-ups
used on synchrotrons such as the Swiss Light Source (SLS). Due to the physical set-up of
the system, it is able to provide three modes of imaging simultaneously; typical absorp-
tion, differential phase contrast, and dark field imaging. As such, the work presented in
this chapter is known to be the first application of interferometer based tomography on a
laboratory based X-ray source to examine impact damage in CFRP.

The aims of this chapter are to:

* Demonstrate the use of grating interferometer CT to image impact damage in CFRP

* Evaluate the types of damage visible using the different imaging modes possible

with interferometer CT
» Show the technique can be used to obtain quantitative damage information

* Compare the technique to standard micro-CT and ultrasonic C-scan

These aims were met by performing radiography and tomography on a physically
sectioned quasi-isotropic CFRP laminate. Further experiments were then performed using
only radiographs (projections) on 3 test coupons which had been impacted at 5, 10 and
15 J. These coupons had the same dimensions as the miniaturised CAI plates used in the
previous chapters (55 x 89 mm, 10 plies).
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7.2 Background

Due to the weak attenuation of X-Rays by low atomic number materials, such as
carbon reinforced polymer composites, it is often difficult to obtain significant image
contrast in thin samples. This principle was discussed and illustrated in the previous
chapters in this thesis. An image method known as phase sensitive X-Ray imaging has
been shown to be effective at providing additional information about weakly absorbing
materials. This method is based on differences in the refractive index of X-rays at, for
example, interfaces between materials of similar density.

The phase sensitive method, however, requires high spatially and/ or temporally co-
herent X-ray sources (Kottler et al., 2007). As a result, the technique has generally been
limited to application on high brilliance sources such as those on synchrotrons. The tech-
nique has not been compatible, therefore, with standard laboratory or industrial applica-
tions where high powered, polychromatic and incoherent X-Ray sources are used . These
industrial sources have such characteristics in order to produce a high enough X-Ray flux
to keep imaging times reasonable.

A novel imaging method based on the use of interferometer gratings (specifically, a
Talbot-Lau interferometer) has recently been developed at CSEM, which aims to over-
come some of the problems associated with applying phase contrast imaging with a non-
coherent X-Ray source.

The system consists of a polychromatic X-Ray source, three separate silicon gratings
(Go, G and G,) and an area detector. The first grating, placed close to the source, splits the
original photon beam into an array of spatially coherent individual sources (Kottler et al.,
2007). The sample is placed between Gy and G, during imaging. The object causes slight
refraction of the X-Ray beam (scattering), through an angle «. The imaging procedure is
then based on locally detecting these angular deviations Pfeiffer ef al. (2006). The angular
deviation is directly proportional to the local gradient of the objects phase shift, hence the

term ’differential phase contrast’. The angular deviation is related to the phase shift by:

A 0P (z,y)
o0=——172
27 Oz

Where x and y are the cartesian coordinates perpendicular to the optical axis, ®(x, y)

(7.1

is the phase shift of the wavefront, and ) is the wavelength of the radiation.
Figure 7.1 shows schematics of the basic principles behind how the system operates.
Figure 7.2 then illustrates the angular deviation relative to the gratings, highlighting how

stepping of the gratings can image specific scattering angles.
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Figure 7.1: Set-up of grating interferometer CT. (a) Set-up with a source grating Gy, a
phase grating G; and an analyser absorption grating G,. (b) Through the Talbot effect
a linear periodic fringe pattern is created behind G; in the plane of G,. (c) Intensity
modulation detected in a detector pixel when one of the gratings is scanned along X,,.
A loss in the amplitude of the oscillation due to the scattering of X-rays in the specimen
(degradation of the coherent wavefront) can be used to extract images with dark-field
contrast. (Image and caption reproduced from Pfeiffer et al. (2008)).

Figure 7.2: Illustration of angular deviation in differential phase imaging (Pfeiffer et al.,
2006)
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In the experimental setup shown in figure 7.1, grating G, causes the photons pass-
ing through the sample to form a linear periodic fringe pattern in the plane of G,. By
translating G, local variations in signal intensity allow the different imaging signals to be
obtained; conventional absorption, phase contrast and scatter (dark-field). These signals
can be obtained using a conventional imaging detector. The dark field image is one of the
major novelties of this system. Absorption, differential phase, and dark field projections
can be reconstructed from the signals, then reconstructed into tomographic volumes using
a standard filtered back-projection algorithm.

For weakly absorbing objects, the local phase gradient 0®(x,y)/0x is directly mea-
sured by detection of the local signal intensity. The recorded pixel intensity, I, forms a

sinusiodal curve as a function of the phase step, k given by (Revol et al., 2010):

k er
I, ~ ag ll + v.sin (27r ;p + gp)] (7.2)

ps

Where N, is the number of phase steps. The phase stepping process therefore allows
inference of the mean, ay, visibility, v, and phase,  signals. These three image types are
calculated by comparing the sample measurement (object in the field of view) against a
reference measurement (no object in field of view) (Revol et al., 2010).

The classical transmission image is given by the decrease in beam intensity due to
absorption in the object, while the dark field image is given by the decrease in visibility
in the phase stepping curve due to scattering. The differential phase image is formed due
to the angular deviation of the beam induced by a gradient in the phase shift of the beam
after propagation through the object Pfeiffer ez al. (2006).

By acquiring a sequence of phase stepped images at rotational increments, a fil-
tered back projection algorithm can be used to reconstruction a 3D tomographic data
set. Each contrast mode (transmission, differential phase, and scattering) can be recon-
structed seperately to build a 3D distribution of the absorption coefficient x(z, y, z), index
of refraction n(z,y,z) = 1 — d(x,y, z) and the linear diffusion coefficient ¢(z, y, ) re-
spectively (Revol et al., 2010). While the transmission and scattering images can be
effectively reconstructed using a conventional filtered back-projection algorithm, a mod-
ified FBP algorithm is employed to obtain the DPC reconstruction. This is due to the
extra information contained within the phase shifted images. For an object described by
g(z,y, z), as shown in figure 7.3, the projections through the object at an angle w to the

x-axis are given by the Radon transform Radon (1917):

G(y’,w):/ g2,y dx’ (7.3)

When considering the DPC imaging mode, the experimental set up not only gives the
ordinary line projection of the object function (as in absorption mode), but also the line

projection of the partial derivative of the object function (Pfeiffer et al., 2007):
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D(y,w) = / —5g(§y,/y ) da’ (7.4)

Therefore, conventional FBP reconstruction of the DPC line projection will not give
a correct reconstruction of the original object function. The filter function in conven-
tional FBP has been adapted by the group at CSEM to give a correct reconstruction. This

function is shown in figure 7.3b.
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Figure 7.3: Tomographic reconstruction (a) Projection geometry. (b) Backprojection fil-
ter function for absorption line integrals. (c) Backprojection filter function for gradient
(DPC) projection integrals (Pfeiffer et al., 2007).

More detailed explanations of how the system works can be found in (Kottler ef al.,
2007, Pfeiffer et al., 2008; Revol et al., 2010, 2011b; Revol et al., 2011). Figure 7.4 shows
example projections of a polymer felt-tip pen using the various imaging modes.

231



7.3. EXPERIMENTAL METHOD

Figure 7.4: Example images of a felt-tip pen. (a) Transmission (b) Differential phase
contrast (c) dark field. From Revol et al. (2011b).

7.3 Experimental Method

A 25mm wide coupon (labelled Z1) was cut from a CFRP plate of lay-up [0/+45/90/-
45/0]s (10 plies). This sample was taken from a plate used in another project in the North
West Composites Centre (University of Manchester), and so the lay-up was not chosen for
a particular reason other than it contained lamina of several fibre orientations. The plate
had previously been subjected to a low-velocity impact of 20 J, using the drop weight
impact method outlined in Chapter 5.

The plate was placed into a vice-like sample holder within the cabinet of the tomog-
raphy equipment, which rotates the sample through an angle of 360° as in conventional
CT. The experimental set-up is shown in figure 7.5, which shows the relative positions of
sample, gratings, and detector. Photographs of the sample are shown in figure 7.6. Figure

7.7 then describes the co-ordinate system used in this experiment.
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Figure 7.5: Experimental set-up of grating interferometer tomography equipment at
CSEM.

(a) (b)

Figure 7.6: Photographs of sample Z1.
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g

A

Impact location

Figure 7.7: Sample co-ordinate system used to describe geometry in the grating experi-
ment.

Table 7.1 gives the imaging parameters used in the tomographic imaging of sample
Z1. Due to the number of stepping positions for grating G2, the total scan time was

approximately 12 hours.

Table 7.1: Imaging parameters for grating interferometer tomography of sample Z1.

Imaging Parameter Value

Target material Tungsten

Accelerating voltage 35kV

Filament current 250u
X-Ray spot size I mm
Frame exposure time 60 s
No. of projections 720
No. of G2 step positions 6
Voxel size 47um
Source-sample distance | 500 mm
Sample-G1 distance 30 mm
G1-G2 distance 60 mm

After the tomographic data had been collected, the sample was remounted in an annu-
lar rotating sample holder and projections were taken of the specimen at various rotation
angles around the optical axis (X axis). Projections were taken at increments of 15° be-
tween 0° and 90° . These projections were taken to assess the effect of specimen orien-
tation with respect to the optical axis on the absorption, differential phase, and dark field
(scattered) projections. Figure 7.8 shows the experimental set-up of this projection-only

experiment.
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(b) Close up of annular specimen holder.

Figure 7.8: Experimental set-up for variation of sample orientation with respect to optical
axis.

Additionally, the impacted coupon was also scanned at the HMXIF using the Nikon
Custom Bay CT scanner for comparison with the CSEM equipment. The reconstructed

data was resampled to match the voxel size of the CSEM system (47pm).
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Table 7.2: Imaging parameters for tomography of sample Z1 at HMXIF.

Imaging Parameter Value
Target material Tungsten
Accelerating voltage 60kV
Filament current 250u
Frame exposure time 2s
No. of projections 3142
Magnification 14X
Voxel size 14pm (47pum resampled)
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7.4 Results and Discussion

7.4.1 Projections

Figure 7.9 shows projections which were acquired as part of the tomographic data
acquisition on sample Z1. Projections are shown for angular rotations of 0° , 30° and
90° around the Y-axis, where the impacted face of the coupon is parallel to the plane
of the detector at 0° . Each row of figures shows the absorption, differential phase, and

scattered signal for each projection angle respectively.

(a) 0° Absorption (b) 0° DPC (c) 0° Scattered

(d) 30° Absorption (e) 30° DPC () 30° Scattered

(g) 90° Absorption (h) 90° DPC (i) 90° Scattered

Figure 7.9: Absorption, differential phase contrast (DPC), and scattered projections of
sample Z1. Rotation angle specified is around the Y tomographic axis.
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Figure 7.9 shows the the standard absorption imaging gives little information about
any damage present at 0° or 30° . By 90° however, the impact induced delaminations
and shear cracks are visible. This observation is typical of conventional radiography, as
the damage accounts for a significant proportion of the X-Ray path length at this ori-
entation, and therefore produces a strong signal. The DPC projections show very little
information within the object at all rotation angles, although a fine needle-like pattern is
seen in the 0° and 30° projections, corresponding to the fibre orientions. Strong artefacts
are also at 30° at the left and right edges of the object in the DPC image, due to the strong
phase contrast between the object and air. At 90° , virtually none of the internal dam-
age in visible compared with the absorption image. Interestingly the scattered projections
show significant bright areas around the impact location in both 0° and 30° projections.
A network of the needle-like bright lines is also seen in these projections, again corre-
sponding to the fibre orientations in the sample. At 90° , however, similar to the DPC
projections very little damage information is present in the scattered image. Although
the delaminations are clearly visible, non of the shear cracks which were apparent in the
absorption image are present. These observations suggest that the scattering signal is par-
ticularly sensitive to some mechanism of damage through the use of a single projection,
in contrast to conventional absorption imaging. Performing an ultrasonic C-scan on the
sample revealed the the projected delamination area as shown in figure 7.10. This C-scan

was acquired in the same manner as discussed in Chapter 5.7.2.

Figure 7.10: Ultrasonic C-scan of sample Z1, showing delamination area. Spatial resolu-
tion approximately 1 mm.

Comparing figure 7.10 with the scattered images in figure 7.9, it is apparent that the
scattered imaging is not particularly sensitive to the delamination damage in a single
projection. This is not to say however, that the delamination would not be characterised
when performing a full CT scan. However, it does appear that the scattered imaging must
be very sensitive to smaller damage features such as matrix micro-cracking. This would

be expected due to the small angle scattering of X-Rays which occurs at micron- and

238



7.4. RESULTS AND DISCUSSION

sub-micron scale interfaces (Pfeiffer et al., 2008).

Because the occurrence of ultra-small angle scattering is directly related to variations
of electron density in the sample, features which are smaller than the detector pixel size
can be observed. Micron and sub-micron features such as matrix micro-cracking and
porosity can therefore be detected using this imaging method, despite the experimental
voxel size being only 47 pm. Published applications of this phenomenon have included
the analysis of porosity in aluminium welds (Revol et al., 2011a), and detection of explo-
sive materials (Pfeiffer et al., 2008).

The physical origin of this small angle scattering is due to phase shifts in the X-Ray
beam caused by small material inhomogeneities. Propagation of the X-Ray beam through
the material results in variations of the wavefront, ¢y which are small compared to the
pixel size (Revol et al., 2011a). Broadening of the beam occurs due to these variations,
equivalent to a loss of coherence in the X-Ray beam. The interference fringes then appear
blurred at the detector, causing a decrease in the visibility function, v. Theoretical ex-
pressions for the scattering function were developed by Yashiro et al. (2010). Assuming
the variation in the phase signal over a single pixel follows a Gaussian distribution, the

scattered signal can be expressed as:

V(m,n) = exp(—o*(m,n)(1 — y(—Ny;m,n))) (7.5)

Where o is the width and « is the normalised autocorrelation function in the x-
direction of the Gaussian distribution, ¢. Detailed information can be found in Yashiro
et al. (2010).

The experimental observations disscussed in this section are explored further in sec-
tion 7.4.2 when compared with the reconstructed tomography data.

Figure 7.11 shows the results of rotating the sample around the optical axis. Only

three of the angular positions are shown here from the seven that were taken.
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(a) 0° Absorption (b) 0° DPC (c) 0° Scattered

(d) 45° Absorption (e) 45° DPC (f) 45° Scattered

A

(g) 90° Absorption (h) 90° DPC (1) 90° Scattered

Figure 7.11: Absorption, DPC and scattered projections of sample Z1. Rotation angle
specified is around optical (X)) axis.

The projections in figure 7.11 reveal that the absorption imaging mode is not sensitive
to the relative angle between damage features and the optical axis. Similarly, the DPC
images show little change in overall intensity or contrast at the damage features. In con-
trast to the absorption and DPC projections, the scattered projections do show a change
in intensity of the damage features as the sample is rotated. The central bright area, cor-
responding to damage in the immediate vicinity of the impact zone shows a gradual loss
in intensity as the rotation angle is increased from 0° to 90° . Also apparent from the

scattered projections is that the cracks which are aligned in the vertical direction appear
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brighter. This suggests that cracking in the different plies gives a stronger signal depend-
ing on the relative angle to the optical axis.

Figure 7.12 gives intensity line profiles across a region near the centre of the impact
location. The precise location is shown in the inset projection. To ensure the line profiles
were taken across the same features in all projections, each projection was rotated around
the optical axis to match it with the 90° projection. Image software ImageJ was then used

to plot line profiles across matching regions in each projection.
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Figure 7.12: Intensity line profiles across damage area (inset) of sample Z1 under various
optical axis rotation angles.

Figure 7.12 clearly shows the general increase in signal intensity of the damage sur-
rounding the impact zone as the rotation axis decreases from 90° to 0° . An increase in

the intensity of the edge artefacts is also observed.

7.4.2 Tomography

Figure 7.13 shows reconstructions of sample Z1 in the XY plane, at a position di-
rectly underneath the impact location. The images are rotated to fit next to each other for
comparison, with the impact face being on the left of each image. Figures 7.13 (a)-(c) are
from the CSEM interferometer system, while (d) is a section from a down-sampled CT
scan performed on the Nikon Metrology Custom Bay at the HMXIF for comparison.

241



7.4. RESULTS AND DISCUSSION

2 mm

(a) Absorption (b) DPC (c) Scattered (d) Absoprtion
(micro-CT at HMXIF)

Figure 7.13: Reconstructed slices of sample Z1 in XY plane. Impacted face on left.

Figure 7.13 (a) shows that the reconstructed absorbance image resembles a typical
cross sectional CT image obtained from an absorption based CT system. Comparing
this with the image obtained from the HMXIF system (7.13 (d)), similar damage mech-
anisms are observable. Although the resolution in the CSEM absorption image is lower,
delaminations and shear cracks are still clearly visible. Smaller matrix cracks which are
apparent in the HMXIF scan are lost, due to the intrinsic voxel size of the CSEM detec-
tor. The cross section from the DPC image, however, shows significant differences to the
absorption cross section. The delaminations positioned away from the impact zone are
not visible, and significant glow artefacts surround the object. Many of the shear cracks
however, are still visible. The scattered image, 7.13(c) shows significant sensitivity to the
matrix shear cracks which are visible in the absorption and DPC images, but also reveals
many bright features which are not present in either the absorption or DPC images. This
is particularly true for the area immediately adjacent to the impact zone. The scattered im-
age shows a strong signal which corresponds to a dense network of matrix micro-cracking
in 7.13(d), which is not particularly apparent in 7.13(a) or (b).

Figure 7.14 shows reconstructions of sample Z1 in the X Z plane, the long axis of the
sample extends vertically in these images. In this orientation, the absorption image (7.14
(a)) again shows the delamination and shear cracks associated with the impact damage,
comparable with that seen in 7.13 (d). The DPC image in this orientation, 7.14 (b),
now shows little direct evidence of the shear cracking or delaminations apart from the
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significant cracking at the front and back faces. The bulk of the cross section shows a
generally degraded intensity where the shear cracks exist, but no individual features are
apparent. Conversely, the scattered cross section, 7.14 (c) shows strong signals detailing
the conical shape of the matrix cracking moving from the front to the back face of the
sample. The scattering image, furthermore, also shows some contrast at the ply interfaces

away from the impact zone.

(a) Absorption (b) DPC (c) Scattered ()
Absoprtion

(micro-CT at
HMXIF)

Figure 7.14: Reconstructed slices of sample Z1 in X Z plane. Impacted face on left.

Figures 7.15 (a)-(c) show the in-plane (Y Z) cross sections. The absorption image,
7.15 (a), shows the delamination and matrix cracking with significant contrast. Delamina-
tions in all three ply directions can be seen extending from the impact zone. Interestingly,
figures 7.15 (b) and (c)show reduced signs of artefacts in both the DPC and scattered
images. compared to the cross sections in the other planes. In the YZ plane, the DPC im-
age shows characteristics of both the absorption and scattered image, albeit with reduced
contrast between the object and damage. The scattered image shows high intensity at the

cracking features, but the delamination area does not have a particularly strong contrast.
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On closer examination, however, both the DPC and scattered images contain horizontal
artefacts, which can be seen in figure 7.16. These images are magnified views of 7.15 (d)

and (f) respectively.
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(a) Absorption 0.5mm (b) Absorption in
below impact face laminate centre

G
(c) DPC 0.5mm below (d) DPC in laminate

impact face centre

(e) Scattered 0.5mm (f) Scattered in
below impact face laminate centre

Figure 7.15: Reconstructed slices of sample Z1 in Y Z plane. Impacted face on left.
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Figure 7.16: Local artefacts in DPC and DF Y Z plane images, magnified from figure 7.15

As a result of the artefacts associated with the DPC and scattered reconstructions, it
was very difficult to perform accurate data segmentation to quantify the visible damage in
each reconstruction. Despite the relatively good SNR obtained in the scans, the artefacts
made a significant contribution to the signal also, giving noisy threshold results with little
relation to the main damage volume. Figures 7.17 show examples of 3D renders for each
of the imaging modes using the CSEM equipment. It is apparent that the delamination
is dominant in the absorption image, and cracking in the DPC and scattered data. How-
ever, due to the high amount of data smoothing which had to be applied to the DPC and
scattered data, the renderings do not display the full extent of the damage.
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Figure 7.17: 3D renderings of impact damage using grating interferometer tomography.

7.4.3 Dark field imaging of CAI Samples

This section presents results of projection images taken on the CSEM system of three
impacted samples. After the initial tomography experiment at CSEM, it was clear that the
dark field imaging method could be used to identify impact damage in CFRP plates using
only 2D projections. Three samples, B5,B10 and B15, were impacted at 5, 10 and 15J
respectively. These samples were sent back to CSEM for projection imaging to assess
whether the increase in impact energy would cause an observable change in the dark field
images.

The images in this sub-section were acquired by Vincent Revol, a PhD student at
CSEM. Data processing was performed by the author.

Figure 7.18 shows absorption, DPC, and scattered images for the 15 J samples (B15).
Damage is clearly visible in the scattered image, 7.18 (c¢), but not in the absorption or DPC
images. Although some damage was observable from the absorption and DPC projections
of sample Z1 in the previous section, the relative thickness of samples B5-B15 results in
very little beam attenuation. Consequently, the absorption images show little damage and
the path length available for refraction in the DPC image is limited. Furthermore, as a
result of the reduced beam attenuation, the SNR in all the projections of samples B5-15

is reduced compared to the results from sample Z1.
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(a) Absorption

6.10 mm

('ne) [eubig buusyeos

(C) CSEM Y

(b) DPC (c) Scattered

Figure 7.18: Grating Interferometer Projection images of sample B15 which was im-
pacted at 15 J.

The following figures, 7.19 to 7.21, show the dark field images of each impacted
sample under various rotations about the optical axis (sample X axis). In figure 7.21,
thresholded images for each damage are shown. These thresholds were achieved using
semi-automatic methods, as the low SNR prevented automated thresholded. The "brush
within range" tool in Avizo® was applied by selecting the lower threshold to 50% of the

maximum brightness in each case.
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(a) 0° (b) 45° (c) 90°

Figure 7.19: Dark field projections of 5 J impact sample rotated with respect to optical
axis.
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(c)CSéM

(a) 0° (b) 45°

Figure 7.20: Dark field projections of 10 J impact sample rotated with respect to optical
axis.

(£) CSEM £(6) CSEM

) 0° () 45°

Figure 7.21: Dark field projections of 15 J impact sample rotated with respect to optical
axis (a-c). Respective damage areas thresholded (d-f).

Similar to the results obtained from sample Z1, figures 7.19 to 7.21 show increasing
signal intensity when the sample is rotated to 0°with respect to the optical axis. The pro-
jections also show two distinct orientations of damage. As samples B5-15 contain only
0°and 90°ply (fibre) orientations, the damage is clearly linked to the fibre orientation.
This result was observed in sample Z1, and also in the micro-CT studies performed in
Chapter 5, and as such must represent the general state of matrix cracking in the sam-
ple. Interestingly, the damage highlighted by the scattering projection outlines the typical
pattern of delamination observed previously. This result suggests that scattered imaging
could also be used to imply the delamination area. It is possible the delamination extent
was not observed in projections of sample Z1 due to the coupons width being cut to within

the delamination area.
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Figure 7.22 shows the variation of measured damage area, based on the thresholded

images, for each sample and orientation.
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Figure 7.22: Variation of thresholded damage area with rotation about optical axis.

Figure 7.22 illustrates under all three impact conditions, the measured damage area
from the scattered projections reduces as the angle between the 0° fibre orientation and
the optical axis increases. The trends appear to be linear in all cases, but further work is
needed to obtain any statistical significance. The trends do however, reflect those seen in

Chapter 5 whereby damage area was seen to increase with increasing impact energy.

7.5 Chapter Summary and Conclusions

The work presented in this chapter has demonstrated the novel use of grating interfer-
ometer CT to characterise impact damage in a CFRP material containing uni-directional
plies. The system was able to perform projection and full rotation tomographic imaging
in absorption, differential phase, and scattering contrast modes.

Initial results revealed that the scattering projections were particularly sensitive to
matrix cracking due to small angle X-Ray scattering. In contrast, the absorption and
differential phase contrast images showed very little projection information.

Performing full tomographic imaging of a physically sectioned coupon showed typical
results from the absorption contrast imaging mode. Shear cracking and delaminations
were visible, comparable to the results obtained with the Nikon Metrology Custom Bay
at the HMXIF. Unfortunately, the differential phase tomography contained significant
edge and phase wrapping artefacts which degraded any damage signals from dominating
the image. Although damage was more clearly visible in the plane of the laminate plies

(Y Z plane), the contrast was relatively low and horizontal artefacts in this cross section
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prevented quantitative segmentation. Tomographic results from the scattered imaging
mode proved to be more useful than from the DPC. Shear cracks were clearly visible in
all planes, and matrix-micro cracking also have a strong signal. Some of these cracks
were not visible even in the absorption images, suggesting that scattering may improve
damage detection beyond the spatial resolution of the X-Ray detector. Significant in-
plane artefacts, however, also prevented quantitative thresholding in the scattered volume.

Overlap of bright signals from the matrix cracking also made segmentation difficult.

Projections of three plate samples impacted at 5, 10 and 15 J in scattering mode re-
vealed an increase of measurable damage area with impact energy. The damage visible
was mainly due to matrix cracking, but also outline the projected damage area to some
extent. By rotating the sample around the optical axis, it was found that the intensity and
direction of the damage signal varied. This result implies that the technique is also sen-
sitive to damage direction, but more importantly, the ply direction in which the damage
exists. The scattered projections in these impacted samples revealed two major damage
directions, which did correspond to the ply directions used in the lay-up (0° and 90°).

Overall, CT using a grating interferometer has significant potential as a tool for char-
acterising and quantifying damage in CFRP materials. There is scope for a large amount
of further work, and indeed the technology is developing rapidly thanks to the group at
CSEM. Of note is a paper recently published by the group concerning the removal of
artefacts in the DPC images, which shows potential to improve the information which can

be extracted from the reconstructed tomographic data (Jerjen et al., 2011).
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CHAPTER
EIGHT

GENERAL CONCLUSIONS AND FURTHER WORK

The work presented in this thesis has made several contributions to knowledge in the
field of tomographic imaging of carbon-fibre reinforced plastics. It has also provided

many more opportunities for further work.

Chapter 4 demonstrated a proof-of-concept for dual-energy imaging of high aspect
ratio CFRP plates. Two cases were presented. Both were based on experimental deter-
mination of beam hardening coefficients, but differed in their image processing approach
to generating the dual-energy data set. It was found that ’case 2°, which used a weight-
ing function dependant on signal-to-noise ratio, gave improved image quality and better
contrast than a compromised scans. The method also gave a practical improvement in the
ability to threshold damage using image segmentation techniques, due to improved SNR.
Due to the degree of beam hardening which occurs at large material thicknesses, however,
the technique failed to accurately reconstruct a large panel. The polynomials used to cor-
rect the beam hardening were poorly fitting at large thicknesses in all cases, and poorly
fitting at low thicknesses for high voltages due to high beam transmission. To implement
the dual-energy at these extremely high aspect ratios, where the X-Ray path length is large
in absolute terms (>100 mm), a better beam hardening correction needs to be developed.
This could be performed using the same method as in this work, if a filtered beam is to
be used. However, this would reduce the projection contrast due to removal of the low
energy photons. Furthermore, a large number of experimental observations would need
to be made for several filtration thicknesses. The time required to obtain the absorption
data for all targets in this work by imaging the step-wedge was over 3 days. This process
could perhaps be mitigated by modelling the beam hardening using the energy sensitive

spectrum data which is shown in Appendix A.

The work in Chapter 5 applied the dual-energy imaging technique to the imaging and
quantification of impact damage in two CFRP materials. Drop weight low velocity impact
testing was used to introduce damage into small CFRP plates, which were imaged using
CT and ultrasonic C-scan. The samples were then tested to failure using the compression

after impact test. The work showed that CT was able to quantify projected damage area to
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the same degree as ultrasonic C-scan in the uni-directional material when imaging the full
geometrical extent of the samples. To achieve this result, a methodology for extracting
the in-plane damage area from CT data was developed using image masks based on grey-
scale thresholding. For the woven samples however, it was found that CT provided a lower
measure of damage area when comparing CT and C-scan for the woven samples. It was
proposed this difference was due to the low resolution and contrast achieved in imaging
the full extent of the woven samples. Chapter 5 also demonstrated that CT could be used
to visualise and quantify damage in 3D. A methodology for quantifying damage through
the thickness of the laminates gave results which were in agreement with those found in
the literature using other methods for determining damage. This included relating damage
parameters such as area and extent from impact zone to be correlated with impact energy
and CALI strength. CT also allowed the identification of damage mechanisms in both UD

and woven materials.

Region of interest imaging techniques were applied in Chapter 6 to assess the prac-
ticalities of data completion methods. It was found that two data completion methods,
namely level- and cosine-extensions, were effective at removing ring artefacts associated
with ROI imaging. The cosine extension method was particularly useful as it allowed
automatic centre of rotation calculations to be performed when reconstructing the data
sets. The high aspect ratio of the CFRP test plate proved to be an advantage in the ROI
case, as it meant that not all projections contained truncated data. It was still found, how-
ever, that increasing the number of projections past the number which would be required
when imaging the sample within the detector FOV gave a significant improvement in im-
age quality. ROI imaging of samples with increasing amounts of impact damage allowed
further characterisation of damage in both the UD and woven materials. The higher reso-
lution achieved under ROI conditions proved particularly useful in the case of the woven
samples, whereby intra-tow cracking became observable. Matrix micro-cracking in the
UD samples was also observed. Further work should focus on more detailed studies of
the effect of aspect ratio on ROI image quality. The absolute amount of material outside
the FOV should also be studied in more depth.

In the case of both full-object and ROI imaging, image segmentation is a particu-
larly important area that requires further work. The geometrically complex nature of
impact damage made it very difficult to perform accurate image thresholding. This was
made more difficult by the generally low contrast achieved when image CFRP materi-
als when compared with higher density materials. Other project work the author has
been involved in at the Henry Moseley Image Facility has shown several opportunities
for imaging projects to further quantify and understand damage mechanisms in CFRP.
The use of dye penetrant significantly improves the contrast of delaminations and matrix
cracking, when the dye fluid has a path into the damage. Figure 8.1 illustrates the use of
1odine-based dye penetrant to image fatigue damage in a CFRP laminate manufactured

from uni-directional plies. Figures 8.1 (b)-(d) shows 3D renderings of the damage visible
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under fatigue at varying fractions of the ultimate tensile strength (UTS)

(a) Reconstructed cross section

!

(b) 30% UTS (c) 60% UTS (d) 70% UTS

Figure 8.1: CT images of fatigue damage in CFRP containing dye penetrant. (a) is a
reconstructed cross section, (b)-(d) 3D renderings highlighting the dye penetrant (red).

Chapter 7 demonstrated the first use of a laboratory grating interferometer CT set-
up to image damage in CFRP. It was found that scattering (dark field) imaging was able
to identify impact damage in a single projection, as opposed to performing a full CT
scan. Furthermore, by rotating the sample around the optical axis, damage in different
orientations became more or less visible in the signal. Although the tomographic images
contained significant artefacts in both differential phase contrast (DPC) and scattering
modes, the CT method shows future potential for damage characterisation. In particular,
the dark field CT showed intense signals for shear cracking and matrix micro-cracking.
Development of the system at CSEM is currently examining how to manufacture larger
gratings to increase the field of view, and better detectors to allow increased resolution.

Although the differential phase contrast CT showed significant artefacts due to the
physical set-up of the experiment, alternative phase contrast imaging techniques are be-
coming effective on laboratory CT systems. The HMXIF has a system manufactured by
X-Radia which can image using *propagation phase contrast’. This technique relies on the
phase shift at material boundaries, and by allowing the refracted X-Rays to propagate over
a long distance, the interference fringes at these boundaries can be imaged. In practise
this relies on moving the detector a significant distance away from the sample, resulting
in long CT acquisition times due to the reduced flux reaching the detector. The system
can however, attain extremely high resolutions (sub-micron). Figure 8.2 shows exam-
ples of a matchstick sized CFRP sample which was imaged using the X-Radia micro-CT.
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Individual fibres are clearly resolved, as well as the matrix between the fibres.

(a) XY plane

(b) YZ plane (c) XZ plane

Figure 8.2: Propagation phase contrast image of a CFRP laminate with uni-directional
plies.

As figure 8.2 shows, laboratory based propagation phase contrast can provide excel-
lent high resolution images of CFRP. Fibres, micro-scale porosity and resin pockets can
be identified in addition to fibre misalignment. This type of imaging would provide an
excellent addition to the multi-scale imaging of impact damage in CFRP. Time constraints
meant it was not possible to perform this investigation in the current work, but should be

a priority for further work in the field.

Prior to performing the work in this thesis, very little work had been published in
the literature concerning the characterisation of CFRP on laboratory based CT systems.
The work has shown that CT has great potential as a non-destructive imaging tool for
CFRP, but many more questions have been raised providing significant scope for further
research.
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8.1. COMMERCIAL ASPECTS

8.1 Commercial Aspects

From a commercial perspective the work in this thesis has highlighted a specific area
where X-Ray tomography can provide information on damage in composite materials.
The resolution and three-dimensional nature of the data obtained using X-Ray CT is un-
matched by any other single NDT technique. Obviously limitations still exist, such as
the size of the object which can be imaged, the speed of data acquisition and data pro-
cessing, and the cost. This final section discusses some of these issues in terms of their
implications for industrial uptake of CT as an engineering tool.

CT has the potential to influence several areas of engineering, inclusive of virtually
any engineering material. Figure 8.3 highlights the areas where CT is currently being

applied.

Figure 8.3: Commercial applications of computed tomography

8.1.1 Cost

Table 8.1 gives a general overview of the costs associated with the installation and
use of an industrial CT system. The costs of associatted equipment and staff are also
given. This data is based on the X-Tek CT system which was used for the majority of
the work in this thesis. From an industrial perspective, this system offers a good balance
of resolution, scan duration and ease of operation. A relatively high source power also
allows analysis of thick samples, giving the ability to scan CFRP samples up to 200mm
thick with good resultant image quality. Table 8.2 gives the rates of access which are

charged at the University of Manchester, which are based on market rates charged by
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industrial NDT companies that currently own CT scanners.

Table 8.1: Costs associated with industrial tomography systems.

Item Cost/ £

X-Tek CT system 700,000

Annual service charge 10,000

Technican/ Operator annual salary | 50,000 (including employer contributions)
Avizo data processing software 10,000 (perpetual license)

Avizo annual support 5,000 (optional)

Computer workstation 10,000

Table 8.2: Rates to access CT equipment at University of Manchester.

Access type Cost/ £
Academic 350/ day
Commercial 1500/ day
Commercial data processing | 75/ hour

From the values in tables 8.1 and 8.2 it is apparent that to repay the investment in
equipment (scanner and assocated IT infrastructure) would require approximately 473
of scan days to be sold. This figure would be reduced by customers also purchasing
data processing time at the 75/ hour rate. To cover the additional annual running costs
(employee and licenses etc.) would require the sale of at least 43 days of scan time.

Overall, X-Ray tomography systems will have a significantly higher initial financial
outlay than current standard systems, such as transmission C-scan. Annual running costs
will also be higher considering the extra computational facilities required, but for appro-
priately sized objects can give a significant improve in defect detection capability. As-
suming that there is a market need for this type of inspection system (evidenced by the
number of businesses currently offering CT as a service), the cost-benefit ratio is reason-
able considering the payback time being on the order of just a few years. This is especially
true for the current generation of CT systems which will have design lives significantly in
excess of the payback times, and are certainly capable of identifying defects smaller than
the critical defect size for life predictions in most structures.

Due to the relative complexity of operation and data processing of CT systems, some
thought should be given to staff retention and development. As with any difficult process,
operator skill is often critical to the successful application of the technology. Investment
in staff through training and development should be taken seriously in order to retain

experienced staff, not forgetting fair renumeration to prevent high staff turnover.
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8.1.2 Supply Chain Position

The current generation of industrial CT systems have been proliferated through the
engineering supplying chain. Systems can be found in University research groups, aircraft
OEM’s (such as Rolls Royce), component manufacturers and NDT service companies. As
a result, the particular applications of CT are also widespread.

In terms of Technology Readiness Levels (TRL), the current generation of industrial
CT systems have far exceeded TRL 9 for certain applications. This TRL means the pro-
cess has been applied to industrial problems in its final form. This is true, for example, in
the electronics industry where routine inspection of high value circuit boards is performed
by CT. Companies such as Nikon Metrology are manufacturing CT systems under contin-
uous manufacturing conditions for the electronics industry. Contract/ service companies
such as TWI and NDT Services Ltd, among others, are also offering CT inspection of
components on a routine basis.

When considering composite components however, the specific TRL under which CT
systems are being applied does vary. From the literature and industry conference proceed-
ings, it is apparent that much of the CT work being performed on composite materials is
taking place under a research context. Similarly, developments of CT hardware and as-
sociated reconstruction/ computational systems appear to be heavily research based (see
section 2.4.1 for a related discussion).

To date, many of the applications of CT to composites within industry have been
funded through the Technology Strategy Board (TSB), Engineering and Physical Sciences
Research Council (EPSRC), or European Framework programmes. This funding has led
to the implementation of CT within those tiers of the supply which are research led, such
as the NDT Validation Centre at TWI Port Talbot (see Amos (2011); Amos et al. (2010)).

8.1.3 Current Limitations and Future Developments

In addition to cost barriers, several factors are currently limiting the increased uptake
of CT systems as industrial tools for NDI/ NDT, metrology and research applications.
This is particularly true for application to composite structures.

For aerospace applications, the size limitations imposed by CT systems presents a
significant barrier to the routine NDT/ NDI of composite structures. Composite materials
are routinely being used in large-scale structures where the use of 3D X-ray CT is simply
not feasible. Although 2D radiographic inspections are commonplace, it is likely that
ultrasonic inspection will remain the most widespread technology in this area. Current
CT systems are providing larger area coverage with the use of moving detectors, but the
requirement of a closed cabinet for radiation safety will eventually present a practical
cost barrier to the size of objects which can be scanned. The inevitable trade-off between
object size and resolution would also remove the advantage of CT over C-scan.

Nevertheless it is evident that CFRP materials are being increasingly used in substruc-
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ture applications such as propellors, fan blades, and secondary structures. Inevitably this
proliferation will increase due to the drive for lighter weight structures, the reducing cost
of CFRP and the ability to manufacture net shape preforms using technologies such as 3D
weaving. These components are easily within the scanning geometry and useful resolu-
tion range of CT. Therefore, similar to the electronics industry with the routine inspection
of high value semiconductor devices, it may be the case that these expensive components
are routinely inspected with CT.

Improvements to automated defect detection and characterisation also need to be made
to allow greater industrial uptake of CT. The work in this thesis revealed the difficulty in
processing CT data specific to high aspect ratio composite plates. The relatively low sig-
nal to noise ratio, complex damage characteristics and large data files make interpretation
of useful data more complex than other NDT methods. Improvements in computational
power, however, may remove many of the difficulties associated with data handling and
processing. Considering the use of CT as a routine inspection tool, automated detec-
tion techniques are probably not a very distant ambition. This is because defects such
as porosity or simple features such as cracks of a specific length could easily be iden-
tified and flagged. The complications with measuring and quantifying impact damage
which were identified in this thesis may not be so prevalent under conditions of simply
identifying whether a defect exists or not.

Several research projects at the University of Manchester are currently concerned with
the use of CT as a metrology tool. In this respect, CT is used to geometrically define the
object of interest. In turn, this information can be used to assess whether parts are out of
tolerance. Using CT in this manner is particularly useful for objects with regions which
are inaccessible for conventional metrology processes, such as CMM or laser scanners.
This process can, for example, be used in acceptance testing or to provide information on
manufacturing process errors. Additionally the data could inform downstream operations
such as shimming, or jigging adjustments to ensure correct assembly. Data can be overlaid
with CAD models for visual comparisons and highlighting of out of tolerance regions.

Figure 8.4 gives an example of CAD-CT data comparison of an aluminium valve block.
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Figure 8.4: Nominal (CAD) actual (CT) comparison of an alumium valve block (Brunke,
2010).

The use of CT in metrological applications is a relatively new, and therefore rapidly
progressing field. Many papers are available in the relevant journals such as (Brunke,
2010; Carmignato, 2009; Kiekens, 2011; Kruth, 2011).

Possibly the most important issue facing the implementation of CT in a production
environment is the lack of standards. Although a British Standard exists in draft form
which explains the general principles and application of CT, no standards or good practise
guides exist for its application in industrial/ production environments. This should be a
major focus of efforts in order to ensure that CT is used effectively to give accurate and
reliable results for any application.

Overall, the outlook for the uptake of CT in a commercial setting is clearly good.
Although it will not replace well established techniques such as C-scan, there is room
for it to be used alongside and in addition to current techniques. This is particularly true
for high value components, and those situations where other techniques cannot give a
definitive answer- for example where critically sized defects may be overlaid and require

a 3D inspection technique.
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APPENDIX
A

CHARACTERISATION OF COMPUTED TOMOGRAPHY
SYSTEM

A.1 Introduction

This chapter investigates the system characteristics and performance of the Nikon
Metrology 225kV Custom Bay at the Henry Moseley X-Ray Imaging Facility, School of
Materials, University of Manchester.

An overview of the system is given in terms of its specific operation and procedures
which were followed to acquire data in subsequent experiments was given in Chapter 4.
These procedures involve optimising the system operation at each use in terms of X-ray
focus and beam stability.

Experiments to determine the maximum spatial resolution of the system were per-
formed, which allows specifications to be made on the smallest features which are de-
tectable under known imaging conditions.

Characterisation of the X-ray spectra of a multi-metal target is presented. The CT sys-
tem under investigation is fitted with a multi-metal target in order that the X-ray spectrum
can be tuned to optimise imaging of the material under investigation. This experiment was
performed using a Cadmium Telluride photon counting detector, which allows characteri-
sation of the spectrum in terms of beam energy and X-ray counts at each energy. Spectrum
characterisation allowed subsequent decisions on imaging parameters to be made when

imaging the materials studied in chapters 3 and 4.

A.2 Objectives

The objectives of the work presented in this chapter were to:

1. Quantify the maximum resolution of the CT system by radiographic and tomo-

graphic methods

2. Quantify the X-ray spectra produced by a multi-metal target
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A.3 Determination of System Resolution

The smallest features that can be identified in a sample are determined by the res-
olution of the CT imaging system. Because the system being used employs cone beam
geometry, magnification is determined by the sample-to-object and object-to-detector dis-
tance. Hence, very high resolutions can be obtained by projecting a magnified image onto
the detector, despite the pixel size only being 200um. Physical limitations on the system
(i.e how close an object can be placed to the X-ray source) determine the maximum res-
olution, but in all cases this cannot exceed the spot size of the X-ray source. Therefore to
determine the maximum resolution of the Nikon Metrology Custom Bay, several experi-
ments were performed to measure the size of the X-Ray spot. These experiments involved
the use of a resolution plate as well as measurement of the penumbra formed on an image
of a wire at high magnifications. As the spot size will determine the maximum resolution
in a radiograph, a further experiment was performed to assess the maximum resolution of

a reconstructed object at high magnification.

A.3.1 Resolution Target

In order to make a direct measurement of the resolution of the imaging system in a
projection, a resolution target was imaged.

The resolution target was imaged in the Nikon Custom Bay under the conditions pre-
scribed in table A.1.

Table A.1: Image conditions for radiograph of resolution target

Image Variable Condition
Target Material Molybdenum
Accelerating voltage 50kV
Filament current 200mA
Frame exposure time 2000ms
Number of frames averaged 256
Magnification 120X

Due to the low thickness of the resolution plate, a very low accelerating voltage was
used in order to obtain significant attenuation of the X-ray beam. The molybdenum target
was chosen as it generates a beam with a relatively low mean beam energy, but retains
a relatively high flux (see section A.5). Still, due to the low flux in absolute terms, an
averaging of 256 frames was performed to reduce noise in the image to an acceptable
level. The image was acquired with the detector corrections turned off. White and black
references were then acquired to correct the radiograph. A white reference (I, was taken
by acquiring a radiograph under the conditions prescribed in table A.1, but without the

sample in the field of view. The black reference (I, was then acquired by acquiring a
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radiograph with no X-rays being generated, again under the conditions prescribed in table
A.l.
The radiograph can then be corrected (I, for defective pixels, gain and intensity

variations by equation (A.1). This correction method is know as ’flat field correction’.

(A.1)

Figure A.1 shows the radiograph of the resolution plate.

Figure A.1: Flat field corrected radiograph of resolution plate at 120X magnification

To assess the radiographic resolution using the resolution plate, image processing
software ImageJ was used to plot intensity line profiles across the various resolution scales
on the radiograph shown in figure A.1. The line intensity profiles could then be analysed

to infer the resolution, according to the smallest visible resolution marker.

A.3.1.1 Results and Discussion

Figure A.2 shows the positions of the line profiles taken on vertical and horizontal
scale bars of the resolution target which consist of black and white stripes (line pairs)
having spacings which increase from 0.5umto 8um. The image has been cropped and

contrast enhanced for illustration. Actual profiles were averaged over a width of 6 pixels
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to smooth out noise, yet remain within the boundaries of the resolution markers. The line

profiles for AA” and BB’ are shown in figure ??

100 pm

Figure A.2: Cropped and enhanced view of resolution target illustrating line profiles take
across resolution markings.
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Figure A.3: Line profiles across resolution scale bars at (a) AA’ and (b) BB’ from figure
A2

From figure A.3 it can be seen that peaks and troughs in the greyscale occur at bright
and dark points respectively in the resolution scale bars. These variations become reduced
to the point where peaks and troughs are no longer distinguishable. At this point the line
pairs can no longer be resolved and the resolution limit has been reached. Taking the
resolution limit to be the point at which the greyscale difference between a peak and
a trough is equal to the standard deviation (i.e image noise), gives a distance in pixels
along the line at which the resolution is limited. For the line profiles in figure A.3 this
gives values of approximately 100 pixels for both horizontal and vertical resolution scales.
Knowing that the effective pixel size at 120X magnification is 1.6pumand that the spacing
of the peaks at this point is 2 pixels, this measurement equates to a resolution of 3.2pum.

This value is at the lower end of the manufacturers spot size range of 3-5pum.

265



A.3. DETERMINATION OF SYSTEM RESOLUTION

A.3.2 Spot Size Measurement by Radiography of a Tungsten Wire

An alternative method estimate the maximum resolution was performed by estimating
the focal spot size. This was achieved by taking radiographs of a Imm diameter tungsten
wire, and measuring the pixel intensities across the edge of object, according to (British
Standards, 1999). Due to the penumbra effect, which was illustrated in figure 4.3, the spot

size can be implied from the image blur at the object edges.

A3.2.1 Methodology

A tungsten wire was radiographed at a geometrical magnification of 300 times, giving
an equivalent pixel size of 0.66pum. The manufacturer’s specification states a focal spot
size of 3-5um, hence at this magnification the effective pixel size is smaller than the spot
size, so the penumbra would be expected to cause blurring on the order of 5-8 pixels. As
the geometry of the system is known, equation (4.2) can be used to imply the spot size by
measuring the size of the penumbra. This was performed using the method described in
British Standard BS EN 12543-4 (British Standards, 1999). The imaging conditions used
to image the wire at give in table A.2.

Table A.2: Image conditions for radiograph of tungsten wire

Image Variable Condition
Target Material Molybdenum
Accelerating voltage 100kV
Filament current 200mA
Frame exposure time 2000ms
Number of frames averaged 256
Magnification 300X

A.3.2.2 Results and Discussion

As shown in figure A.4 a line profile was drawn across the object edge in a flat-
field corrected radiograph, and z-intercepts at 5% and 95% of the maximum greyscale
projected onto an axis representing the distance across the edge. The associated line

profile plot is shown in figure A.S.
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Figure A.4: Radiograph of tungsten wire, showing line profile.
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Figure A.5: (a) Line profile across edge of tungsten wire (b) Close-up view of profile
across edge, illustrating edge blur due to penumbra effect.

The penumbra blur is seen to be spread across approximately 8.75 pixels, which
equates to a spot size of 5.8uum. This is higher than the expected value by 0.8pm. How-
ever, due to the use of such a small diameter cylinder to achieve the necessary magnifica-
tion, it is likely that penetration of the object near the edge has occurred. This penetration
would give elevated grey values within the object, reducing the edge gradient and extend-

ing the number of pixels over which the edge is blurred, in this case by only 1-2 pixels.

A.3.3 Reconstructed Volume Resolution

To assess the maximum resolution of the imaging system under CT scan conditions,
the tungsten wire imaged in section A.3.2 was tomographed. Again, the tungsten wire
was chosen because the high density gives a sharp edge in each projection. The small
diameter allows high magnification, approaching the limit of the system, and the circular
cross section give even beam attenuation at each projection angle. The imaging conditions
used in the scan were as shown in table A.3.

Slices of the object were reconstructed at various heights in the sample. Relative to
the pixel height of the detector, slices were reconstructed at 250, 500, 750, 1000 (central
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Table A.3: Image conditions for CT scan of tungsten Wire

Image Variable Condition
Target Material Tungsten
Accelerating voltage 180kV
Filament current 200mA
Number of projections 3142
Angular increment between projections 3142
Frame exposure time 2000ms
Number of frames frames averaged per projection 2
Magnification 120X

slice), 1250, 1500 and 1750 pixels. The reconstructed slices were saved as 16 bit TIFF
images, and then processed using Matlab. The resolution was then estimated using an

edge profile method.

A.3.3.1 Measurement of Edge Profiles

The 16 bit reconstructed slices of the tungsten wire were processed using Matlab to
measure the resolution of the image from edge sharpness values. The following steps

were performed;

1. Differentiation of the image in the x cartesian direction, by using the ‘gradient’

function in Matlab.

2. Plotting a line profile across the differentiated image to give a Line Response Func-
tion (LRF) which is characteristic of the sharpness of an edge. A peak is found at

the position of the edge.

3. Applying a Full Width Half Maximum Height (FWHM) measurement to attain a

resolution value

A.3.3.2 Results and Discussion

Figure A.6 shows the central reconstructed slice from a CT scan of the tungsten wire,
and associated gradient image. Taking a line profile across the bright (left) edge of the
gradient image results in the LRF, as shown in figure ??. Measuring the FWHM gives
the number of pixels across which the edge is blurred. In this case, it can be seen that the
width of the peak is 2.6 pixels. As the reconstructed voxel size at this magnification (120)

is 1.66um, it equates that the edge resolution is 4.3 pm.
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() (b)

Figure A.6: (a) Reconstructed central slice of tungsten wire (b) Differential image of
central slice.

M———— [ T T T T T T T T T T T T T T T T T T T T T T

220~ -

N

3

S
T
|

T
I
|

Intensity/ greyscale
>
3
T
1

FWHM = =
2.6 pixels

=
S
T

B S S S Tt U VS U RO B
0

8 10
Distance across edge/ pixels

Figure A.7: Line Response Function of the edge of the central reconstructed slice of at
tungsten wire. The LRF is taken over the line AA’ in figure A.6(b).

The edge measurement procedure was applied to all the reconstructed slices to give
resolution values throughout the height of the reconstructed volume. The values are

shown in figure A.8.
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Figure A.8: Edge resolution vs. slice number for the reconstructed tungsten wire volume.
Slices are numbered from the bottom of the volume upwards relative to the detector.

As illustrated in figure A.8, the edge resolution is reduced moving away from the cen-
tral slice. This observation is consistent with the fact that the cone-beam reconstruction
algorithm is most accurate at the central slice. However, it is also apparent that the resolu-
tion values remain more accurate in slices 1250-1750. This would imply that the system
was slightly misaligned relative to the z-axis, and that the beam is perpendicular to the
detector at a very small offset from the centre of the detector.

Overall, it has been shown that the various methods used to infer the system resolution
have given consist results that are within, or very close to, the manufacturers specification.

This gives confidence to the CT measurements obtained in later chapters.

A.4 Effect of Projection Number on Image Quality

Figure A.9 shows how the image quality, in terms of signal to noise ratio, varies with
the number of projections taken during CT imaging of a CFRP sample. The sample was
a coupon cut from a plate of woven MTM-45, with a cross section of 28 x 2.2 mm.
Figure A.10 shows cropped sections of the reconstructed data at 500, 1000, 2000 and
8000 projections.
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Figure A.9: Variation of SNR with no of projections for a CFRP which fits inside the
detector field of view.
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Figure A.10: Reconstructed cross sections of woven MTM-45 coupon with varying num-
bers of CT projections.

Figures A.9 and A.10 show a rapid increase in the image quality when increasing from
500 to 2000 projections. After this point, the increase in SNR becomes less pronounced
with increasing projections, which is in agreement with the general consensus that the
optimum trade off between image quality and the number or projections occurs between

Z- and 4 where ¢ is the maximum width of the object in pixels.
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A.5 Characterisation of Spectral Emission from a Multi-
Metal Target

The Nikon Metrology Custom Bay is fitted with a multi-metal target (MMT) to pro-
vide the user with a choice of characteristic X-ray spectra. The MMT consists of a circular
threaded holder, into which a cylinder of four target materials is screwed. The target ma-
terials are Copper, Molybdenum, Silver and Tungsten.

Each target material emits a characteristic X-ray spectrum, with varying mean ener-
gies and characteristic fluorescence lines etc. As discussed in Chapter 2, the attenuation
coefficient of a material is a function of the incident beam energy. Therefore, the degree to
which an X-ray beam is attenuated by object during a CT scan can be tuned by choosing
a particular target material and accelerating voltage.

In order to optimise imaging of the CFRP samples in the damage tolerance study, the
spectra of all target materials were characterised using an Amptek XR-100T cadmium
telluride (CdTe) energy sensitive detector. The spectra were measured at various acceler-
ating voltages and currents.

The long and short term stability of the X-ray source were also measured, in addition

to a maximum flux prediction.

A.5.1 Experimental Method

The Amptek XR-100T CdTe detector was mounted 430mm in front of the exit window
of the 225 kV source. The detector plane was perpendicular to the beam propagation axis
at the centre of the cone beam. A 50um tungsten collimator was attached to the front of
the detector housing, approximately 10mm in front of the detector plane. This was used
to prevent saturation of the detector. 1024 channels were used, with the peak shaping time
optimised automatically by the ADMCA acquisition software. Setting a detector gain of
33.34 gave a maximum energy cut-off at 257 keV, with a low energy cut off at 7 keV.
Acquisition times of 300s were used for all measurements except for the source stability

measurements. Figure A.11 shows the Amptek detector.
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Figure A.11: Amptek XR-100T CdTe detector system. Amplifier (left), detector housing
fitted with collimator (right).(Amptek, 2011).

The Amptek detector was first calibrated using an americium-241 dial source and
known peaks from the W source on the 225kV CT system. This allows photon energies
for each detector channel to be deduced, resulting in the linear calibration plot shown in
figure A.12. The relationship between channel number and photon energy (in keV) is
given by:

Energy = channel; ,no. x 0.154 — 0.267 (A2)
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Figure A.12: Linear calibration obtained using a dial source and W spectra peaks.
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A.5.2 Spectra Results

The four target material spectra Ag, Cu, Mo, and W were collected over a period of
300 seconds at 50kV, 150kV and 225kV with a fixed current of SOpA. The spectra were
also collected at a fixed voltage of 100kV with varying currents of 50, 100 and 200pA.

The following figures show the data from each spectra collection.

A.5.2.1 Cu target

Figure A.13 shows a typical spectrum for the copper target, measured at 225kV and
50uA. The Cu Ko and K fluorescence peaks are observed at 8 keV and 8.9 keV respec-
tively. The very small peaks at higher energies originate from the tungsten collimator.
The fluorescence are superimposed on a bremmstrahlung background which is relatively

weak.

Cu 223kV 50uA

- Cu Ka
I (8.0keV)

Counts

L Cu Kp
2F (8.9keV)

N W—

0 50 100 1_%0
Energy (keV)

Figure A.13: Cu target spectrum at 225kV at S0pA

The following figures show the variation of the Cu spectra with voltage and current,

along with the total photon count variation with voltage and current.
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Figure A.14: Cu target spectrum at S0kV, 100kV and 225kV at SOpA
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Figure A.15: Cu target spectrum at S0pA, 100nA and 200pnA at 100kV

A.5.2.2 Mo Target

Figure A.16 shows a typical spectrum for the molybdenum target, measured at 225kV
and 50pA. The Mo Ka and Kf fluorescence peaks are observed at 17.4 keV and 19.6
keV respectively. As with the Cu target, the peaks are superimposed on a relatively weak

bremmstrahlung background.
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Figure A.16: Mo target spectrum at 225kV at S0pA

The following figures show the variation of the Mo spectra with voltage and current,

along with the total photon count variation with voltage and current.
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Figure A.17: Mo target spectrum at 50kV, 100kV and 225kV at SOpnA
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Figure A.18: Mo target spectrum at SOpA, 100pnA and 200pA at 100kV

A.5.2.3 Ag Target

Figure A.19 shows a typical spectrum for the molybdenum target, measured at 225kV
and 50pA. The Ag Ka and K3 fluorescence peaks are observed at 22.2 keV and 24.9 keV
respectively. Also visible are the W fluorescence (59.3 keV) from the collimator and Pb

fluorescence (74.9 keV and 84.9 keV) from the shielding surrounding the detector.
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Figure A.19: Ag target spectrum at 225kV at SOpA

The following figures show the variation of the Ag spectra with voltage and current,

278



A.5. CHARACTERISATION OF SPECTRAL EMISSION FROM A MULTI-METAL
TARGET

along with the total photon count variation with voltage and current.
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Figure A.20: Ag target spectrum at 50kV, 100kV and 225kV at S0pA
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Figure A.21: Ag target spectrum at S0pA, 100pA and 200pA at 100kV

A.5.2.4 W Target

Figure A.22 shows the spectrum obtained using the W target at 225 kV and 50 pA.
There are a number W lines visible D the L lines (8 B 11 keV), the Ko; (59.3 keV) and
Koo (57.98 keV) lines and the K3; (67.2 keV) and K3, (69.1 keV) lines. There are also a

279



A.5. CHARACTERISATION OF SPECTRAL EMISSION FROM A MULTI-METAL
TARGET

number of Cd and Te escape peaks caused by secondary X-rays, produced in the detector,
escaping the detection medium. An escaping photon carries away some of the energy
deposited by the incident X ray, so a lower energy event is registered. Also visible is the
Cd K absorption edge (26.7 keV). There is a discontinuity here as this is the energy at
which the Cd atoms begin producing the secondary X-rays. Furthermore, the W target

shows a very strong bremmstrahlung background compared to the other targets.
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Figure A.22: W target spectrum at 225kV at 5S0pA

The following figures show the variation of the Ag spectra with voltage and current,

along with the total photon count variation with voltage and current.
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Figure A.23: W target spectrum at 50kV, 100kV and 225kV at 50pA
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Figure A.24: W target spectrum at S0pA, 100pA and 200upA at 100kV
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A.5.2.5 Comparison of Targets

Overlaying the spectra measurements illustrates how the spectra produced from each
target compare to each other in terms of photon energies and total counts, as shown in
figure A.25 and A.26.
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Figure A.25: Comparison of spectra produced with each target at 225kV and S0uA.
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Figure A.26: Comparison of spectra produced with each target at 225kV and 501A, mag-
nified to show relative bremmstrahlung backgrounds.
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Table A.4: Comparison of total counts, and percentage of total counts in fluorescence
peaks for each target material at 225kV

Target Material | Total Count | % of Counts in Fluorescence Peaks
Cu 1246618 29
Mo 3045767 33
Ag 3051990 33
" 3344953 17

From the previous figures it can be seen that the X-ray flux increases across all volt-

ages as the atomic number of the target material increases, which is in agreement with the

theoretical background. The targets display increasing photon counts at higher energies

moving from the Cu to the W tungsten, with the lower atomic number targets having a

significant proportion of their flux in the low energy fluorescence peaks. This implies that

the Cu or Mo targets would be more effective for CT imaging of low density materials

such as CFRP due the increased absorption at these energies, resulting in better contrast

and higher signal-to-noise ratio projections. This principal is demonstrated and discussed

further in Chapter 4.
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A.5.3 X-ray Source Stability

In order to assess the ability of the CT system to perform long duration scans, the
stability of the 225kV source was measured under short- and long-term conditions. The W
target was used to generate a beam at 225kV and 60pA. Data acquisition was performed
by taking 20s exposures spaced at 60s intervals. The short term stability was measured
over a period of 1 hour, compared to 8 hours for the long-term stability measurement.
Figures A.27 shows the stability of the source in terms of the number of photons detected

per second over the respective measurement periods.
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Figure A.27: Stability of 225kV X-ray source. (a) Short term stability (b) long term
stability.

Figure A.27(a) shows that the source takes approximately 10 minutes to stabilise,
before which the flux drops by approximately 3% from an initial maximum of 1.325 x 10*
counts per second. Figure A.27(b)
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A.5.4 Beam Transmission Through CFRP

To examine the absorption characteristics of the CFRP materials under investigation
in chapters 4 and 5, transmission spectra were acquired using the Amptek detector. Figure
A.28 shows a spectra acquired at 100kV and 80pA with and without a 2mm thick sample
of MTM-45 (woven) CFRP obstructing the beam. The difference in the spectrum is also

shown. Most of the absorption occurs at low voltages.
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Figure A.28: Spectra obtained with and without a CFRP sample obstructing the X-ray
beam, and difference between the spectra.

A transmission profile was calculated by dividing the obstructed spectrum by the un-
obstructed spectrum to give the result shown in figure A.29. This transmission profile

shows that almost 90% of X-rays are transmitted above 20k V.
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Figure A.29: Transmission profile of a CFRP sample at 225kV and 80pA
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A.6 Appendix Summary and Conclusions

This chapter has demonstrated that the CT system which is used for imaging of CFRP
materials has a maximum resolution which is close to the manufacturer specified focal
spot size of 3-5um. Values ranging from 3.2- 5.8um were measured from the central
region of the detector, using spot size estimation and reconstruction methods.

The X-ray spectra for a multi-metal target were characterised and it was shown that
increasing the atomic number of the target material produced a higher flux, as predicted
from theory. Furthermore, it was shown that the lower atomic number targets have a sig-
nificant proportion (up to 33%) of their flux in fluorescence peaks. Measuring the trans-
mission of X-rays through a CFRP sample showed most of the absorption to take place at
low (<20kV energies). These measurements have implications for the work performed in
later sections in terms of target material choices and image acquisition parameters such

as accelerating voltage.
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B

MATLAB CODE FOR DUAL ENERGY CT

Matlab code for dual energy CT

function output= xtekdualenergy (filel, file2,bhl,bh2)
output = [];

if nargin=

filel = [];

file2 = [];

bhl = [];

bh2 = [];
end

{\color{red} \%selects xtekct files}
if isempty(filel)
[FileName, PathName]

uigetfile ({’ x.xtekct’,’XTekCT files (x.xtekct)’;...
Tx.x’,"A11 files (x.*)"1},...
'Select first xtekct file’, 'MultiSelect’, 'off’);

filel = [PathName FileName];

if isempty(file2)
[FileName, PathName] = uigetfile ({’*.xtekct’,’XTekCT files (x.xtekct)’;...
.k’ ,"A1l files (x.x)"},...
"Select second xtekct file’, ’"MultiSelect’, ’off’);

file2 = [PathName FileName];

if isempty (bhl)
answer = inputdlg(’Enter beam-hardening polynomial coefficients for file 1’, ’BH correction’);
bhl = str2num(answer{l});

end

if isempty (bh2)
answer = inputdlg(’Enter beam-hardening polynomial coefficients for file 2’, ’BH correction’);
bh2 = str2num(answer{l});

end

{\color{red} \%reads information from two xtekct files}
headerl = xtekct_read(filel);
header2= xtekct_read(file2);

{\color{red} \%reads no. of images from _ctdata.txt}
nimagesl = headerl.CTData.NoOfProjections;

nimages2 = header2.CTData.NoOfProjections;
{\color{red} \%directory to look in for images}
directoryl = fileparts (headerl.File);

directory2 = fileparts (header2.File);

{\color{red} \%gets root name for all images in dirl e.g JR_32mm40kV_}
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dirlimagerootname = [directoryl '\’ headerl.XTekCT.Name];

dir2imagerootname = [directory2 '\’ header2.XTekCT.Name];

outputdirl = [directoryl ’\dualenergy\’ headerl.XTekCT.Name];

{\color{red} \%to write correct tiff file size}
tagstruct.ImagelLength = headerl.XTekCT.DetectorPixelsY;
tagstruct.ImageWidth = headerl.XTekCT.DetectorPixelsX;
tagstruct.Photometric = 1;

tagstruct.Compression = 1;

tagstruct.Software = 'xtekdualenergy’;
tagstruct.PlanarConfiguration = 1;
tagstruct.Orientation = 5;

tagstruct.BitsPerSample = 16;

tagstruct.SamplesPerPixel = 1;

for n = l:nimagesl

{\color{red} \%progess monitor}

fprintf (1, [’Processing image ’ num2str(n) ’...."]);

tic

{\color{red} \%concatenated directory with root name and image no. and file extension}
dirlimagename = [dirlimagerootname sprintf (’\%#04i’,n) ’.tif’];
imgl = imread(dirlimagename) ;

{\color{red} \%converts to double (64bit floating point) then divides to normalise}
{\color{red} \%grey values between 0 and 1 to allow neg log to be taken}
imgl = double (imgl)/65535;
absl = -log(imgl)

{\color{red} \%concatenated directory with root name and image no. and file extension}
dir2imagename = [dir2imagerootname sprintf ('\%#04i’,n) ’.tif’];
img2 = imread(dir2imagename) ;

{\color{red} \%converts to double (64bit floating point) then divides to normalise}
{\color{red} \%grey values between 0 and 1 to allow neg log to be taken}

img2 = double (img2)/65535;
abs2 = -log(img2);

{\color{red} \%correcting absorbance image for beam hardening}

\%generates a matrix of all zeros of size ’absl’ then adds value of constant from bhl (i.e first term in bhl)}

bhcorrectedl = zeros(size(absl))+ (bhl(1)) {\color{red} bhcorrected2 = zeros(size(abs2)) + (bh2(1));

for D=1:numel (bhl)-1 {\color{red} \%loops over user inputted bh terms}

bhcorrectedl = bhcorrectedl + (bhl(D+1))*absl.”D ;

end

for D=1:numel (bh2)-1 {\color{red}\%loops over user inputted bh terms}

bhcorrected2 = bhcorrected2 + (bh2(D+1)) *xabs2.”D;

end

{\color{red} \%calculate STD to weight radiographs}

noiseratio = 0.1;

sigmaA_bhcorrectedl = ((1./imgl)+(1/64)+ noiseratiox (imgl.”-2+(1/64)));

sigmal = zeros(size(absl))+(bhl(1)"2);

for D=1:numel (bhl)-1 {\color{red} \%loops over user inputted bh terms}

sigmal = sigmal + (bhl(D+1)"2)=*(D+1)"2* (absl.” (2% (D+1)-2));

end

sigmal = sigmal.xsigmaA_bhcorrectedl;

sigmaA_bhcorrected2 = ((1./img2)+(1/64)+ noiseratiox (img2."-2+(1/64)));
sigma2 = zeros(size(abs2))+(bh2(1)"2);

for D=1l:numel (bh2)-1 {\color{red} \%loops over user inputted bh terms}
sigma2 = sigma2 + (bh2(D+1)"2)« (D+1) "2« (abs2.” (2% (D+1)-2)) ;

end
sigma2 = sigma2.xsigmalA_bhcorrected?;
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{\color{red}\%weights absorbance images according to optimum SNR }
sigma_optimum = sigma2./(sigma2+sigmal);

sigma_optimum(sigma_optimum > 0.9)=1;

sigma_optimum(sigma_optimum < 0.1) = 0;

combinedA = sigma_optimum.xbhcorrectedl + (l-sigma_optimum) .xbhcorrected?2;

{\color{red} \%convert back to corrected radiograph (Transmittance) and original 16bit}

{\color{red} \%greyscale range}
combinedT = exp (-combinedA)*65535;
bhcorrectedlébit = uintl6 (combinedT) ;

outputfilename = [outputdirl sprintf (’\%#04i’,n) ’.tif’];

tiff_file = Tiff (outputfilename, ’'w’);
tiff file.setTag(tagstruct);

{\color{red} \%Write image}
tiff_file.write (bhcorrectedlébit);

tiff file.close();

t = toc;
fprintf(l, [’Done in ' num2str(t) ’'s\n’]);
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