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In the right lighting conditions, everything is extraordinary.

Abstract

The complexity of the components fabricated in today’s industry is ever increasing. This is partly due to market pressure, but it is also a result from
recent progress in fabrication technologies that open up new design possibilities. The increased use of additive manufacturing and multi-material
systems, especially, has driven the complexity of parts to new heights.
The new complex material systems bring benefits in many areas such
as; mechanical properties, weight reduction, and multifunctions. However,
the increased complexity also makes inspection and dimensional control
more difficult. In additive manufacturing, for example, internal features
can be fabricated which cannot be seen or measured with conventional
tools. There is thus a need for non-destructive inspection methods that can
measure these geometries. Such a method is X-ray computed tomography.
Computed tomography utilizes the X-rays ability to penetrate material
to create 3D digital volumes of components. Measurements and material
investigations can be performed in these volumes without any damage to
the investigated component. However, industrial computed tomography is
still not a fully mature method and there are many uncertainties associated
with the investigation technique.
In this work, a dual-energy computed tomography tool has been developed with the aim to increase the performance of computed tomography
when investigating complex geometries and material combinations. This
method has been applied to various phantoms and an industrial case. Also,
in this work, complex lattice structures fabricated with additive manufacturing have been investigated and analysed using computed tomography.
The results show that the new DECT method improves measurement results and can be utilized to inspect multi-material components. The results also show that computed tomography can be used successfully to gain
knowledge about complex lattices.
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Sammanfattning

Komplexiteten hos komponenter som tillverkas av industrin idag ökar ständigt.
Denna ökning beror delvis på marknadskrafter men är även ett resultat av
framsteg inom nya tillverkningstekniker som öppnar upp för nya designmöjligheter. I synnerhet den ökande användningen av additiv tillverkning
och multi-material system driver komplexiteten till ständigt nya höjder.
De nya komplexa material systemen har flera fördelar, så som: mekaniska
egenskaper, viktreduktion och flerfunktions komponenter. Den ökade komplexiteten leder också till att det blir svårare att inspektera och mäta de
nya komponenterna. I additiv tillverkning kan till exempel interna strukturer tillverkas som inte kan mätas med konventionella metoder. Det behövs således icke-destruktiva inspektionsmetoder som kan mäta inuti dessa
komponenter. En sådan metod är röntgen-datortomografi. Datortomografi
utnyttjar röntgenljusets förmåga att tränga igenom material till att skapa
digitala 3D volymer av komponenter. I dessa volymer går det att mäta
och utföra materialundersökningar utan åverkan på komponenten. Industriell datortomografi är dock ännu ej en mogen teknik och det finns många
osäkerheter associerade med tekniken.
I det här arbetet har en ny datortomografimetod utvecklats som bygger
på användandet av olika röntgenenergier med målet att öka datortomografins förmåga att inspektera och mäta komplexa geometrier och materialkombinationer. Denna metod har sedan använts för att mäta tomografiprover samt i ett industriellt fall. I det här arbetet har även komplexa
nätverk tillverkats och inspekterats med datortomografi. Resultaten visar
att den nya datortomografimetoden förbättrar mätförmågan samt att den
går att använda för inspektion av multi-material system. Resultaten visar
även att datortomografi kan användas på ett framgångsrikt sätt för att
bättre förstå komplexa geometrier.
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Preface

This work is an extension and expansion upon the licentiate thesis ”Only a
Shadow”, published in 2016 [1]. There are large overlaps between the works
which will not be cited in the text. Many figures produced for [1] have also
been reused.
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CHAPTER

1

Introduction

In this section the underlying motivation for the work that comprises this
thesis is presented. The industrial and scientific questions that this thesis
aims to answer are given. The motivation is followed by a short description
of the methodology that was used to answer the questions. The methodology
is followed by a contribution section where the main contributions of this
work are briefly presented as bullet points. Thereafter the publications that
this thesis is based on are presented together with other published works. A
list of the many softwares used to produce these works is then presented and
finally the structure of the thesis is explained.

1.1

Motivation

Today’s industry is experiencing an increased demand of products that are
lighter, stronger, and more durable than ever before. Some of these requirements originates from the increased awareness of environmental issues. The
transport sector produces a large contribution to greenhouse gas emissions
and regulations to decrease the emissions are frequent [2]. The emissions
can be reduced by increasing the efficiency (or replacing) of the engines
that are being used, which can be difficult. Or, the transportation medium
can be made lighter. There is also an issue regarding the competition from
low-wage countries that can produce products at a higher pace with a lower
price. To be able to compete there is a need to produce products that have
superior quality, and function, when it comes to e.g. strength and weight.
1
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One possible way to produce lighter products is to combine several different materials. By using material combinations, it is possible to exploit
the strengths of a material while diminishing its weaknesses. A classic
example of such a multi-material is the combination of carbon fibre and
plastic, where the plastic is used as a matrix to guide the superior mechanical properties of the carbon fibre. Such composites can then in turn be
combined with metals that have superior machinability to create flexible,
light and strong products.
The properties of a component can also be improved by optimisation of
the geometry. Classical, subtractive, manufacturing processes are to some
extent limited in their ability to shape optimal geometries. Only straight
holes can be drilled and surfaces that cannot be reached by a tool cannot be
machined. However, new techniques, such as additive manufacturing (AM),
have recently opened up the possibility to manufacture parts with highly
complex geometries [3]. In AM a part is built layer by layer, enabling the
creation of, for example, intricate lattice structures and internal geometries.
An example of an AM parts can be seen in figure 1.1.
Complex material systems can be complicated to fabricate and to make
sure that the fabrication was successful the parts needs to be inspected.

Figure 1.1. Classical vs Additive Manufacturing design a) Classical design of
a bracket producible by casting/milling b) Additive Manufacturing design with
topology optimisation c) Classical crank design d) Crank made lighter by the
introduction of lattice structures.

1.1 Motivation
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The inspection of parts is generally done for two reasons; to check the
material integrity and/or part dimensions. The inspection of parts in a
non-destructive fashion can be done using several different methods, each
one with its own benefits and drawbacks. X-ray computed tomography
(CT) is the only non-destructive method today that is capable of measuring complex internal geometries. CT has been used in medicine since its
invention in the 1970’s but it has only been used in industrial applications
for roughly fifteen years [4]. CT opens up investigation possibilities that
are necessary for further development and use of complex material systems, however, there are still issues regarding the CT method that must
be resolved. These are the subjects that this thesis has been focused on,
CT method development aimed towards complex material systems. The
following section will highlight the specific questions that this thesis has
aimed to answer.

1.1.1

Scientific and Industrial questions

The work presented in this thesis was aimed to answer the questions below.
The questions are divided into industrial, and scientific interests.
Industrial questions
How can industrial computed tomography be utilized to gain knowledge
about new complex material systems?
How can the measurement consistency in industrial computed tomography investigations of complex geometries and material combinations be
improved?
To what extent can computed tomography be used to gain knowledge
about multi-material joints?
Scientific questions
How can computed tomography be used as a tool to increase our
understanding of complex material systems?
How can the computed tomography method be improved concerning
the data quality of complex geometries and material combinations?
Especially in the case of measurability in objects that contain large
differences in density and thickness.
How can complex material systems be characterised with regards to their
behaviour in specific loading situations?

4
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1.2

Methodology

The main part of the work presented in this thesis concerns the use of CT
to investigate and/or measure complex material systems. The CT equipments used in this work were a Nikon XT H 225 system, a Nikon XT H ST
225 system and a Bruker SkyScan 1272. The Nikon systems are mid-range
CT systems that can be used for characterisation and inspection of medium
sized components. These systems are used industrially. The Bruker system is designed for high resolution scanning of small samples. This system is more aimed towards material research than component inspection.
Since much of the work in this thesis concerns materials and measurements
several other equipments have also been used to investigate, for example,
mechanical strength. The general research methodology has been the following: identify a research question ⇒ identify important factors ⇒ design
experiments to evaluate said factors ⇒ analyse the experimental results ⇒
present the results and continue work on new questions that arose during
the work. Of course, there is often an hypothesis involved but in experimental work it is important to evaluate the results without bias and thus
it can be useful to try and suppress the hypothesis until all results are
analysed.

1.3

Contributions

The main contributions from the work presented in this thesis relates to
the fields of material science and metrology. The contributions are listed
below:
• The development of a new phantom for multi-material and high aspectratio CT measurements.
• The development of a dual-energy tool for the improvement of the
measurement consistency of computed tomography concerning complex material systems.
• Development and investigation of composite-metal joints.
• Increased knowledge concerning the behaviour of lightweight lattices
fabricated by AM.

1.4 Publications

1.4
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Publications

The work presented in this thesis has been published as four journal papers and been presented at four conferences. The following list contains the
included papers and where they have their main contributions in the thesis.
• Paper I
Anton Jansson, Jens Ekengren, Amir-Reza Zekavat, Lars Pejryd, Effects of X-ray Penetration Depth on Multi Material Computed Tomography Measurements, 6th Conference on Industrial
Computed Tomography (iCT16), 8 p, (2016).
Found in chapter 3, 4, and 5.
• Paper II
Anton Jansson, Lars Pejryd A Dual-Energy approach for improvement of the measurement consistency in Computed
Tomography, Measurement Science and Technology, 27, 11, 9 pp,
(2016).
Found in chapter 3, 4, and 5.
• Paper III
Anton Jansson, Non-linear dual-energy method development
and evaluation for industrial computed tomography, Measurement Science and Technology, 30, 6, 11 pp, (2019).
Found in chapter 3, 4, and 5.
• Paper IV
Anton Jansson, Petr Hermanek, Lars Pejryd, Simone Carmignato,
Multi-material gap measurements using dual-energy computed tomography, Precision Engineering, 54, October, 420-426
(2018).
Found in chapter 4, and 5.
• Paper V
Anton Jansson, Lars Pejryd, Characterisation of additive manufacturing metal - carbon-fibre composite bond by dualenergy computed tomography, euspen: Dimensional Accuracy
and Surface Finish in Additive Manufacturing, 4 pp, (2017).
Found in chapter 4, and 5.
• Paper VI
Anton Jansson, Lars Pejryd, Dual-energy computed tomography investigation of additive manufacturing aluminium - carbonfibre composite joints, Heliyon, 5, 2, 19 pp, (2019).
Found in chapter 4, and 5.
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• Paper VII
Anton Jansson, Lars Pejryd, Surface vs Truss lattice networks,
benefits and limitations, NAFEMS Nordic: Exploring the Design
Freedom of Additive Manufacturing through Simulation, Proceedings, ISBN: 978-1-910643-18-1, 70-73, (2018).
Found in chapter 4, and 5.
• Paper VIII
Anton Jansson, Lars Pejryd, In-situ computed tomography investigation of the compression behaviour of strut , and periodic surface lattices, 9th Conference on Industrial Computed
Tomography (iCT18), 7 pp, (2019).
Found in chapter 4, and 5.

The authors contribution to each paper is indicated by the position of the
author in the author line.
The following publications were also produced as additional results of the
research activities, but are not included in this thesis:
• Anton Jansson, Amir-Reza Zekavat, Lars Pejryd, Measurement of
Internal Features in Additive Manufactured Components by
the use of Computed Tomography, Digital Industrial Radiology,
9 pp, (2015)
• Anton Jansson, Lars Pejryd, Characterisation of carbon fibrereinforced polyamide manufactured by selective laser sintering, Additive Manufacturing, 9, 7-13, (2016)
• Joakim Larsson, Anton Jansson, Lars Pejryd, Process monitoring
of the wire drawing process using a web camera based vision
system, Journal of Materials Processing Technology, 249, 512-521,
(2017)
• Iñigo Flores Ituarte, Olli Wiikinkoski, Anton Jansson, Additive Manufacturing of Polypropylene: A Screening Design of Experiment Using Laser-Based Powder Bed Fusion, Polymers, 10,
12, 16 pp, (2018)

1.4 Publications
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• Anton Jansson, Jens Ekengren, Lars Pejryd, Numerical Analysis
of Compression Strength in Network Structures Based on
Trusses, and Periodic Surfaces, aimed for Additive Manufacturing, Proceedings: Progression in Additive Manufacturing, ISSN:
2424-8967, 328-333, (2018)
• Amir-Reza Zekavat, Anton Jansson, Carsten Gundlach, Lars Pejryd,
Effect of X-ray Computed Tomography Magnification on
Surface Morphology Investigation of Additive Manufacturing Surfaces, 8th Conference on Industrial Computed Tomography
(iCT18), (2018)
• Joakim Larsson, Anton Jansson, Patrik Karlsson, Monitoring and
evaluation of the wire drawing process using thermal imaging, The International Journal of Advanced Manufacturing Technology, (2019)
• Amir-Reza Zekavat, Anton Jansson, Joakim Larsson, Lars Pejryd,
Investigating the effect of fabrication temperature on mechanical properties of fused deposition modeling parts using
X-ray computed tomography, International Journal of Advanced
Manufacturing Technology, 100, 287-296, (2019)
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Software list

Many software programs were used in the production of this thesis and the
works listed in section 1.4. Here follows a list of the software tools used:
Adobe Photoshop (Image processing)
Adobe Illustrator (Image processing)
Adobe Reader Pro (Pdf editor)
ImageJ (Image processing)
Creo Parametric (Computer aided design and rendering)
Ansys (Finite element analysis)
Fluent (Fluid dynamic analysis)
Abaqus (Finite element analysis)
VG studio Max (Computed tomography data analysis)
MatLab (Used for almost everything!)
Office package (Text editor and image processing)
LaTeX (MikTex) (Text editor)
Elements (Modelling software with lattice support)
MeshLab (Mesh operations)
Inspire (Topology optimisation software)
CTPro (Nikon reconstruction software)
InstaRecon (Bruker reconstruction software)
Eureqa (Software that finds trends in data)
Cura (Slicer for additive manufacturing)
Magics (Slicer for additive manufacturing)

1.6 Thesis structure

1.6

9

Thesis structure

Chapter 1 starts the thesis of with a motivation to the underlying questions that this work aims to answer.
Chapter 2 provides a background to CT and some of the different methods that are used today. It also presents some of the challenges that the
method is facing when investigating samples and components.
Chapter 3 presents the dual-energy CT method. The state of the art for
industrial dual-energy methods is presented as well as the development of
a novel method. This development have been published in paper I, paper
II, and paper III.
Chapter 4 describes the term complex material systems and how it is used
in the thesis. This chapter presents the phantoms used in paper I, paper
II, paper III, and paper IV. The chapter also describes the fabrication
processes that have been used in paper V, paper VI, and VIII.
Chapter 5 presents and discusses the results from all papers: paper I,
paper II, paper III, paper IV, paper V, paper VI, paper VII, and
paper VIII. The possibility of automating the dual-energy method is also
discussed.
Chapter 6 gives a short summary of the thesis followed by an outlook for
future work in the area.
Finally, the papers that comprise the work that has been done in this thesis
can be found at the end of the thesis.
A mind-map of the thesis structure and how the works are connected can
be seen on the next page in figure 1.2.
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Thesis Mind Map

Lightweight
Lattices

Figure 1.2. A visualisation of how the works in this thesis are connected. Everything is related to CT but this figure illustrates the underlying line of thought
that created this thesis.

CHAPTER

2

Computed tomography

This chapter starts with a description of the general principles of CT. These
principles contain the basics of CT and also the limitations of the method
and the origins of the limitations. This chapter is intended for a reader
that wants to know more about the details of CT, readers with extensive
knowledge of the CT method should bypass this chapter. To get a grasp of
CT it is enough to read the general principles and then move on.
CT is a non-destructive testing method that generates a 3D volume of
the examined object (or patient), revealing internal features. The method
has its very origins with Wilhelm Röntgen in the late 19th century when
he discovered X-rays. The next breakthrough concerning CT came in 1917
when Johann Radon formulated the Radon transform which was necessary
for computations in CT [5]. It then took until 1963 before the physicist
Allan Cormack applied the works of Radon to demonstrate a way to reconstruct X-ray images into volumes [6]. Finally, in the early 1970’s an engineer
named Godfrey Hounsfield invented the first CT machine (together with
Cormack), intended for medicine [7].
CT started to see acceptance within the industry in 1994, but the
method was still expensive and inaccurate compared with other methods
for testing components [8]. Around 2005 the hardware development allowed
for CT systems that were accurate enough for industrial use while still being affordable [9]. There are today numerous systems being used around
the world. CT as a non-destructive inspection tool offers advantages in
11
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several areas, for example: product development, process control, metrology, material performance prediction, material integrity investigation, and
failure analysis. A rough comparison of capabilities between CT and other
common non-destructive methods can be seen in figure 2.1.

2.1

General principles

CT exploits X-rays ability to penetrate material. When X-rays pass through
a material they are attenuated depending on the amount of material that
is penetrated and the attenuation properties of the material. The attenuation of a material is generally increased corresponding to the density of the
material. The attenuation can roughly be said to follow the Lambert-Beer
law,
I = I0 e−µ(E)x ,

(2.1)

where I is the intensity of the X-rays that have passed through the sample,
I0 the intensity of the incident X-rays before the sample, µ(E) the attenuation coefficient of the material in the sample, which is dependent on the
energy of the X-rays, and finally x is the thickness of the sample that the
X-rays had to traverse.
Using the attenuation of the X-rays it is possible to produce 2D shadows of an object that reveals internal features and geometries. These 2D
shadows are called projections and if several projections of one object are
obtained from different angles, they can be combined into a 3D digital volume of the object. The 3D volume can then be investigated and analysed,
revealing information about the interior of a part without damaging it.
There are several different types of CT systems but all of them have three
things in common; an X-ray source, a rotating stage, and a detector. The
first CT systems were medical systems where the patient needed to be stationary, thus, to acquire projections from several angles the X-ray source
and detector needed to move. This solution is necessary for scanning patients since it would be highly impractical to rotate the patient during the
CT scan. When scanning dead material, however, no concern of the object
is needed, and it can be rotated instead of the source and detector. This is
preferred since it allows for more compact and accurate systems with fewer
moving parts. There are several different CT techniques used today; pencil
beam (rare), fan beam, parallel beam, and cone beam systems [8].
Pencil beam is one of the first types of CT systems that were produced.
These systems use a small beam of X-rays that penetrates only a small portion of an object at the time. These types of systems can be operated with
a detector that has only one pixel, but it requires the source and detector

2.1 General principles
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Figure 2.1. A rough comparison of the capabilities and characteristics of X-ray
computed tomography, eddy-current, ultrasound, and interferometry. Adapted
from [10].

Computed tomography
14

Figure 2.2. A typical cone beam X-ray computed tomography setup. X-rays are generated when accelerated electrons interact
with a target material, located inside the X-ray tube. The X-rays travel through the specimen to be investigated and are
projected onto a detector that records the image. The specimen is fixed to a rotating stage that rotates a small angle increment
after each image has been recorded. The process is repeated until enough images has been recorded to build a 3D volume of
the specimen.
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to move all the way past the object in x and y plane to create a 2D image.
Repeating this process for a large amount of angle increments is highly
time consuming but can give high resolution results. Fan beam systems
uses a fan of X-rays that can be collected by a line-detector, collecting one
row of the object at the time. This process is also highly time consuming,
although not nearly as much as the pencil beam, but produces high quality
scans. Parallel beam systems have many benefits but commonly depend
on synchrotron facilities and are therefore not available to most industries.
Cone beam systems are by far the most common set-ups in lab systems.
The cone beam systems utilize a cone of X-rays that illuminates the entire
object in one flash for each angle increment. The cone beam causes some
artefacts but are favoured over the other systems since it takes significantly
less time to scan an object with a cone beam compared to the other methods. Schematics of the different setups can be seen in figure 2.3. In this
work only the cone beam setup has been used and henceforth it is the only
system that is considered. A typical cone beam lab setup can be seen in
figure 2.2.

Figure 2.3. Computed tomography setups displaying the sources, detectors and
necessary sample movements a) Pencil beam setup b) Fan beam setup c) Cone
beam setup d) Parallel beam setup.
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X-ray sources

The X-ray generation in an X-ray tube usually starts with the heating of
a filament wire, typically made from Tungsten. The filament is heated by
the means of a current and at some point it becomes energetic enough that
electrons are emitted. These electrons are then accelerated by a strong
potential and focused by magnetic lenses onto a target material. When
the electrons interact with the target material X-rays are generated. The
X-rays are generated mainly from two physical phenomena, the deceleration/deflection of electrons, and electron absorption. The deceleration of
electrons causes them to lose energy, this energy is emitted as X-rays and
can cover the entire energy spectrum of the incident electrons. This produces a continuous X-ray spectrum. The deceleration type of X-rays is by
far the most dominating generation type and it is called ”Bremsstrahlung” ,
a contraction from the German ”brems” (brake) and ”strahlung” (radiation)
[11]. The second type of phenomena is when incident electrons excite electrons in the inner orbital of the atoms in the target material. The excited
electrons transition onto a higher orbital in the atom where they are unstable, and transition back to a lower orbital. These transitions cause the
emission of X-rays with exact energies (the transition energies), called characteristic X-rays since they are specific to the target material used. There
are many different materials that can be used as targets. Common materials are; tungsten, molybdenum, copper, and silver. The target material
determines where the characteristic peaks occur in the X-ray spectra, and
when scanning low density materials it can be beneficial to have intensity
peaks at low energies, while for dense materials it is usually better to have
the peaks at higher energies. In general, the most influential factors for a
X-ray spectra are; filament current, acceleration voltage, and target material. The filament current controls the intensity, the acceleration voltage
the energy, and the target material the characteristics. An illustration of
the X-ray spectra achieved with a Tungsten target can be seen in figure
2.4.
The higher energy that a photon possess the smaller is its wavelength.
This increases the chances that a photon will travel through a material
without any interaction. Thus, the higher energy that the X-rays have the
easier it is for them to penetrate thick or dense material. The energy of the
X-rays can be increased by increasing the acceleration voltage of the X-ray
tube. The electrons that interact with the target will have higher energies
and the width of the ”Bremsstrahlung” spectrum is increased. However,
increasing the energy of the incident electrons comes at a cost, the interaction volume in the target material grows. Only around 1% of the incident
electrons energy is emitted as X-rays, the remaining energy is transformed
into heat [4]. Thus, the target material needs to be cooled to keep the inter-
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Bremsstrahlung
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Figure 2.4. The X-ray spectra produced by a Tungsten target for various acceleration voltages a) Bremsstrahlung b) Characteristic peaks c) Total spectra.
Data from [12].
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Figure 2.5. The electron beams interaction with a target material a) The interaction volume, called spot size in computed tomography b) A cross section of
the target.

action volume as small as possible and to prevent overheating the system.
The interaction volume in the target is known as ”spot size” in CT and it
will be discussed further in section 2.2. An example of the X-ray spot can
be seen in figure 2.5.
When inspecting metal parts there is often a need for higher X-ray
energies to penetrate the material with sufficient intensity to acquire a
sufficient detector signal. Some examples of material thickness’s that can
be penetrated, depending on X-ray energy can be seen in table 2.1.
Table 2.1. Maximum penetrable thickness of materials for commercially avalibale acceleration voltages, adapted from [13]. It should be noted that being able
to penetrate a material does not necessarily mean that the results will be useful.

Acceleration voltage

130 kV

150 kV

225 kV

450 kV

Steel
Aluminium
Plastic

<5 mm
<30 mm
<90 mm

<8 mm
<50 mm
<130 mm

<40 mm
<150 mm
<250 mm

<70 mm
<250 mm
<450 mm
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Stage and Detector

In most cone beam systems, the sample is placed on a rotation stage that
rotates the sample by small angle increments. There are also stages that
moves the sample up or downwards while rotating them to create a helix
path for the sample. The accuracy requirements on the rotation stage are
high since a small deviation can cause problems in the indexing of projections. For example, with a 2000 pixels wide detector an angular deviation
of the stage of 0.03o is large enough to throw the indexing of projections off
track [8]. In many CT systems the rotation stage can also move between
the X-ray source and the detector, changing the magnification of the scan.
There are many different types of detectors used in CT and the development of new, better detectors is rapid. The detector is critical for the
quality of a projection, the size, amount, and sensitivity of the pixels are
of importance. In lab systems it is common to use flat panel detectors. A
charged coupled device (CCD) flat panel consists of a scintillator material
that interacts with the incoming X-rays, producing lower energy photons.
These photons can then be collected by a pixel behind the scintillator material that uses the photons to free electrons, that can be stored and counted.
Unlike the old X-ray films the response from most modern flat panel detectors is linear, because of this their dynamic range is significantly larger
than the films.
Today there is also a CT supplier that offers a technique called ”geometrical magnification”. This technique is based around using optics to
magnify the sample. This seems like an obvious procedure to increase magnification since we have known about lenses for a long time but there is a
catch with X-rays, they mostly penetrate lenses. A cleaver way around this
is to apply a scintillator material in front of an objective, transforming the
X-rays to lower energy photons before they interact with the objective. A
schematic of this technique can be seen in figure 2.6. Of course, unless a
huge objective is used this significantly reduces the field of view.
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Figure 2.6. Geometrical magnification. An objective is placed between the sample and the detector. The first lens of the objective is covered with a scintillating
material so that the resulting light will interact with the magnifying lens.

2.1 General principles

2.1.3

21

Reconstruction

Once the projections of a sample have been acquired they need to be computed into a 3D volume, this is called reconstruction. The purpose of the
reconstruction is to build a 3D volume of the projections with three dimensional pixels, called voxels. Here follows an example of a reconstruction of
a slice from an object scanned with a parallel beam setup. This loosely
follows in the description given in [14]. First, lets consider the line seen if
figure 2.7 a). This line can be described as:
xcosθ + ysinθ = ρ,

(2.2)

where θ and ρ are defined in the figure. A parallel beam system images
an object using a set of such lines (X-rays), seen in figure 2.7 b). The
projection profile seen in the figure is given by the raysum along the line
ρj by the line integral:
Z∞ Z∞

g(ρj , θk ) =

−∞ −∞

I(x, y)δ(xcosθk + ysinθk − ρj )dxdy,

(2.3)

where I(x, y) is the slice to be reconstructed and δ is a function that is
non-zero only when the internal condition is fulfilled (xcosθk + ysinθk −
ρj = 0). This line integral is known as the Radon transform. Of course,
for real applications the number of θk and ρj will be finite in which case
a sum formulation makes more sense. g(ρj , θk ) can be visualised as an
image depending on θk known as a sinogram. On the next page the Radon
transform is applied to a slice of an object.

a)

y

y

b)
g(ρj ,Ɵk )
ρ

Ɵk
Ɵ

x

x

ρj

Figure 2.7. a) A line drawn in an Cartesian coordinate system b) Parallel beams
imaging a slice. Adapted from [14].
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a)
b) c) d)
e) f ) g)

Object slice

Detector array
X-rays

Beam

Detector signal

Figure 2.8. a) A slice imaged with a parallel X-ray beam to be reconstructed
b) Ground truth of the slice (the real slice) c) The slice imaged by parallel beams
from 90◦ showing the resulting signal on a detector d) The detector signal smeared
back over a blank volume e) The slice imaged by parallel beams from 0◦ f) Signal
smeared back over a blank volume g) d, and f combined.

In figure 2.8 the radon transform is performed and ”smeared” back over
an empty volume. This is known as back-projection. Back-projecting takes
the signal profile detected by the detector for a certain row of pixels and
project’s it back over the volume. If these back-projections are combined
from several angle increments θk an image will start to form, see figure 2.9.
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a)

b)

c)

d)

e)

f)

Figure 2.9. a) Ground truth b) Back-projection from 1 angle c) Back-projection
from 2 angles d) Back-projection from 4 angles e) Back-projection from 16 angles
f) Back-projection from 256 angles.

From the back-projections in figure 2.9 it can be seen that as more and
more angles are added an image is forming. This is highly promising as the
information used to reconstruct this image is the detector signal. However,
some issues can be seen in the reconstructed image. There is a strong halo
effect, instead of sharp edges. It can also be seen that the intensity of
the smaller object is lower than the large one, this is not the case in the
ground truth. It seems that the back-projections are overestimating the
centre of the objects while underestimating their peripheries. Something
more is needed to improve the results, the Fourier slice theorem. For a a
fixed angle θ the 1-D Fourier transform with respect to the ray ρ is:

G(ρ, ω) =

Z∞

g(ρ, θ)e−2πjωρ dρ,

(2.4)

−∞

the term g(ρ, θ) can then be substituted from the Radon transform in equation 2.3 resulting in:
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G(ρ, ω) =

Z∞ Z∞

I(x, y)e−2πjω(xcosθ+ysinθ) dxdy.

(2.5)

−∞ −∞

This simplification is possible as the Radon transform will only fire for
the value of ρ = xcosθ+ysinθ. If the substitution u = ωcosθ and v = ωsinθ
is then used the expression becomes:
G(ρ, ω) =

Z∞ Z∞

I(x, y)e−2πj(ux+vy) dxdy.

(2.6)

−∞ −∞

This is excellent news as this can be recognized as the 2D-Fourier transform of I(x, y). Thus the 1-D Fourier transform of a single ray gives us the
2-D Fourier transform of the image I(x, y). If I(x, y) is to be calculated
the inverse Fourier transform can now be used:
I(x, y) =

Z∞ Z∞

F (u, v)e2πj(ux+vy) dudv,

(2.7)

−∞ −∞

where F (u, v) denotes the 2-D Fourier transform of I(x, y). If we use the
substitution from equation 2.6 and the Fourier slice theorem the result is:
I(x, y) =

Z2π Z∞

G(ω, θ)e2πjω(xcosθ+ysinθ) ωdωdθ.

(2.8)

0 −∞

Because of symmetry and the fact that xcosθ + ysinθ is constant with
respect to ω it can finally be concluded that:
I(x, y) =

Zπ Z∞
0 −∞

|ω|G(ω, θ)e2πjωρ dωdθ.

(2.9)

As can be seen from this expression this is basically the inverse Fourier
transform of G(ω, θ) of each angle of θ multiplied with a function |ω|. |ω|
is known as a filter function and with this the back-projections can be
”filtered” to reconstruct a more accurate result, this is known as Filtered
back-projection (FBP). There are many filters to choose from when using
FBP, all with slight variations in the results. Figure 2.10 shows the reconstruction of the slices used in the previous examples with the use of FBP
and the ”Hamming” filter.
As we can see from the FBP reconstruction the final result is highly
similar to the ground truth. It can be seen from the reconstructions with
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a)

b)

c)

d)

e)

f)

Figure 2.10. a) Ground truth b) Filtered back-projection from 1 angle c) Filtered back-projection from 2 angles d) Filtered back-projection from 4 angles
e) Filtered back-projection from 16 angles f) Filtered back-projection from 256
angles.

fewer angles what the filter actually does. It decreases the intensity at the
centre and outer periphery of the signal while increasing it at the inner
periphery. Given enough angles, this results in an accurate reconstruction.
The examples here have only been for a parallel beam setup. In the cone
beam geometry, the calculations becomes much more intricate with two
more angles to consider but the basic concept is the same.
The by far dominant method for reconstruction in industry is a version of the FBP algorithm. A version of this type of reconstruction for
cone-beam systems was presented in 1984 by Feldkamp, Davis, and Kress,
known as the FDK algorithm [15]. The FDK reconstruction is an approximation except for the centre slice of the volume which is reconstructed
exactly. There are many other reconstruction methods to choose from today, especially in medicine. In this thesis, the FDK algorithm was used for
all reconstructions.

26

2.1.4

Computed tomography

Phase Contrast

When inspecting multi-material samples where the constituents have highly
similar attenuation, absorption contrast is sometimes not sufficient to detect the different materials. A possible solution to this problem is to exploit
the phase shifts of the X-rays [13]. As X-rays pass through a material the
phase of the light shifts slightly due to refraction within the sample, this
shift is different for different materials. Even if the absorption of two materials is almost identical the phase shift could be large enough to detect.
Phase contrast can, and is, used frequently at synchrotron facilities [16]
where the light source has a high spatial coherence but there are also ways
to realize phase shift contrast in lab systems [17]. One way is to use gratings in front of and/or after the sample [18]. The gratings produce fringes
on the detector that can be used to calculate the phase shifts of the X-rays.

2.1 General principles

2.1.5

27

Diffraction Contrast

Many materials have a crystalline structure, and sub structures such as
grains and plane dislocation. When the X-rays impinge on these planes they
diffract, following Bragg’s law of diffraction. The diffraction is typically
small and not detectable in conventional lab set-ups. Using this method,
it is possible to, for example, study individual grains in metals [19].
Recently, there has been developments where researchers have been able
to produce diffraction contrast in lab systems [20]. The method that has
been developed is using two full scans, one scan where a lead aperture
blocks most of the X-ray cone except for the centre where the sample is
located. Another lead barrier is placed on the detector, blocking the Xray cone that was allowed to pass the sample. Through this procedure it is
possible to capture the diffracted X-rays on the detector and calculate grain
orientations. The information is combined with a normal absorption CT
scan of the sample. The set-up of these systems can be seen in figure 2.11.

Figure 2.11. Laboratory set-up used for diffraction contrast. The X-rays cannot
travel directly from the source to the detector along the border of the detector.
Diffracted light can now be detected in this area.
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Limitations

Even though CT has been around for a long time it is not a fully mature
method. This is especially true when it comes to material science and
metrology. There are still many uncertainties associated with the method
which needs to be resolved if CT is to gain a wide acceptance within the
industry as a verification tool. In this section some of the larger concerns
regarding CT in the metrology area, but also for general inspection, will
be presented and discussed. This is not an exhaustive, but still extensive,
list of issues that CT operators have to work with.

2.2.1

Attenuation

Attenuation is of course not so much a limitation for CT as it is the enabler,
however, the energy dependence and the nature of attenuation do cause
problems.
X-rays are attenuated due to mainly four physical phenomena, the photoelectric effect, the Compton effect, the Rayleigh effect, and pair production. In the photoelectric effect, the electrons in the sample absorb the
incident photons, giving two possible results. Either the energy of the photon is larger than the binding energy of the electron, causing that electron
to leave the atom. Any energy left after overcoming the binding energy is
converted to kinetic energy of the emitted electron. The emitted electron
leaves a vacancy, which is quickly occupied by another electron. This electron needs to change its energy with a specific quantum to occupy the new
space, this energy difference is emitted as a X-ray photon. Or, an electron
can also absorb photons which carry the exact energy to excite them into
a higher energy orbital. The excited electrons are unstable in their higher
orbitals and quickly transition back, emitting a characteristic X-ray.
In the Compton effect an inelastic scattering occurs when a photon
interacts with an electron in the sample. The electron absorbs some of the
photon’s energy, enough to overcome the binding energy and leave the atom.
However, in some cases the electron will not use all of the photons energy
but will instead emit a new photon with less energy than the initial one.
Rayleigh scattering is when an electron absorbs a photon that possess the
exact energy needed for a transition. The electron transitions to a higher
energy level and then transitions back, emitting a photon with the exact
same energy as the original photon, but with a different direction. Pair
production, in the case of photons, is when a photon is transformed into
an electron and a positron. Pair production only occurs when high energy
X-rays interact with matter, > 1 MeV. This can occur if the photons total
energy exceeds or equals that of the sum of the two created particles. The
transformation can only occur close to an atomic nucleus to preserve the
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Figure 2.12. Attenuation distribution of Titanium in the energy range of 1 to
100 000 keV. Data from [21].

momentum of the particles.
The photoelectric effect is the dominant mechanism at low energies, to
illustrate this the attenuation of Titanium can be seen in figure 2.12.
A closer look at the energy range commonly used for lab X-ray tubes
can be seen in figure 2.13.
It is common to scan within the range of 50-225 keV when imaging
Titanium (depending on sample thickness), which happens to be in the
range where there is a transition in the dominating cause of attenuation.
A diagram showing the relative influences of the attenuation phenomena
can be seen in figure 2.14. As can be seen from the figure, the domination
attenuation phenomena transitions from mostly photoelectric absorption to
Compton scattering. This has the effect that when scanning larger objects
there will be a significant amount of Compton scattering that will not be
present for small objects.
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Figure 2.13. Attenuation distribution of Titanium in the energy range of 1 to
300 keV. Data from [21].
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Figure 2.14. Relative influence of attenuation phenomena in Titanium in the
energy range of 1 to 300 keV. Data from [21].]
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Different materials attenuate X-rays differently, this is due to their differences in electron density. The electron density of a material depends
both on the number of electrons in an atom (linked to the atomic number
Z) and on the density of the material (how many of these atoms that are
packed into a certain volume). Further, the attenuation also depends on the
energy of the incident X-rays, as has been shown previously. Finally, the
attenuation also depends on the material thickness that the X-rays needs
to penetrate since a thicker material equals more atoms to interact with.

2.2.2

Scattering

Scattering is the dominating attenuation phenomena at higher X-ray energies as shown in the previous section. This means that when investigating
high attenuating materials (such as metals) there is much scattering. This
can cause problems in cone-beam systems as scattering from the sample
can, and do, end up on the detector. The scattering can create significant
noise. Scattering also occur when the X-rays interact with the CT scanner surroundings and can also end up on the detector. The environmental
scattering can, and should, be reduced by collimating the X-ray beam as
it leaves the source. Much effort has been spent on trying to reduce the
scattering issues caused by highly attenuating samples. A simple method
to reduce scattering is to increase the distance between the sample and
the detector, as the scattering photons diverges from the cone angle they
will eventually miss the detector [22]. Another method is to place a highly
attenuating grid in from of the detector where the slots are aligned with
the cone angle of the initial X-rays [22]. This way, much of the scattered
radiation will be attenuated by the grid. Of course, as the energies increase
this anti-scatter grid will start to generate scatter itself and the positive
effects of this method is reduced for higher X-ray energies. The scattering issues are largely considered to be unsolved for lab systems but there
are manufacturers that claim to have solved the problem by performing a
”correction scan” along with a normal scan. The details of this method are
however still to be revealed.

2.2.3

Beam hardening

As presented in section 2.1.1 the X-ray spectrum used in most lab systems is polychromatic. This means that rather than having one specific
energy for all of X-rays the spectrum consists of a continuum of X-ray energies. X-rays with a low energy are more susceptible to attenuate when
passing through material than X-rays with higher energies. Thus, when a
polychromatic spectrum of X-rays traverses a material, the low end of the
spectrum attenuates much more rapidly than the high end of the spectrum.
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This is problematic since most X-ray detectors only detect the number of
photons that hit the detector and not their individual energies. Since the
low energy X-rays attenuate rapidly as soon as they interact with material it causes the detector to record a large decline of photons around the
periphery of samples, especially for dense materials that have high attenuation. When reconstructing the projections, the reconstruction algorithm
will, erroneously, create a dense shell on homogeneous materials because of
this effect. The effect is called beam hardening.
The effects of beam hardening can cause streaking throughout an entire
CT volume, making the analysis process difficult and inaccurate. The dense
shell in the CT volume also prevents accurate analysis of these sections.
The effects of beam hardening can today be reduced in, mainly, three ways:
physically filtering the X-ray spectrum, dual-energy setups, and algorithmic
correction [23]. Physical filtering is done by placing a thin sheet of material
between the X-ray source and the sample. When the X-rays traverse the
filter they attenuate, depending on the thickness and material of the filter
various amounts of the X-ray spectrum can be attenuated. Since the low
energy X-rays attenuates more easily, they can be significantly reduced by
the filter while the high energy X-rays pass to a large extent. Physical filters
are, however, not selective. Increasing the thickness of the filter will reduce
the low end of the X-ray spectrum and can even cut off some low energy
levels completely, but at the cost of reducing the intensity of the entire
spectrum. Thus, the physical filters are only useful to a limited extent.
Dual-energy setups can be used to decompose the linear attenuation into
its components and use the components for a more accurate reconstruction.
Algorithmic correction is a computational method that aims to transform
the polychromatic data into monochromatic data. This is commonly done
through a linearization during the reconstruction.
Much work have been spent, and is still spent, on reducing the beam
hardening impact on CT investigations [24, 25, 26].

2.2.4

Penumbral blurring

Penumbral blurring is caused by the fact that the X-ray spot, also known
as focal spot, has a finite geometry. The optimal form of the focal spot
would be a point, but the focal spot in lab systems often come in the µm
range at best. The size of the focal spot causes the edges of parts to be
blurred on the 2D projections rather than sharp. A schematic of how the
size of the spot size affect the resulting projections can be seen in figure
2.15.
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Figure 2.15. Penumbral blurring for a focal spot with the size S.

As discussed in section 2.1.1 increasing the energy and/or intensity
of the X-ray spectrum also increases the size of the interaction volume
in the target and thus also the spot size. To penetrate large samples or
dense materials, however, the energy of the X-rays needs to be high. This
means that when investigating such samples, it should be expected that
the blurring effect will be substantial. The effect of penumbral blurring is
that it is difficult to determine the surfaces of components. The edge of a
component can be blurred out over a large number of voxels, causing the
surface determination to become highly uncertain. Internal defects such
as voids can also be completely erased by the blurring. The only way to
prevent the blurring is to reduce the size of the focal spot. This often means
to use lower X-ray energies and that means that the size of the samples often
has to be reduced significantly for the penetration to be sufficient.

2.2.5

Motion blur

If the sample that is being scanned is not fixed properly it can move slightly
during the scan. This can also happen if the sample that is being scanned
is biological and is susceptible to drying or melting. There is also no such
thing as a perfectly rigid sample holder and there will always be some small
movement of the sample. Efforts should be made to ensure that the sample
movement is restricted to be as small as possible since if it moves to much
there is a risk that the reconstructed volume will be unusable.
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Ring artefacts

Ring artefacts are distortions in the reconstructed volume that looks like
rings around the centre of rotation. The origin of these rings is defective or
miscalibrated pixels on the detector [27]. Flat detectors are commonly used
for CT and they typically have from 4 to 16 million pixels, the chances that
a few of these pixels are not working correctly is high. Pixels break continuously during the use of a CT equipment and they need to be corrected
for. Calibration of the detector can be made before the image acquisition
by using a flat field image. A flat field image is a projection where there
is no sample to penetrate. Any distortions found in this image are only
dependant on the source and detector and have to be corrected for. ”Dead”
pixels can also be found in this image. The positions of these pixels are
recorded and in the final projection they are replaced by an interpolation of
neighbouring pixels. This procedure helps with the pixels that are broken
before the scan commence, but there is a chance that some pixels break
during the scan, the ring artefacts that they produce is more difficult to
correct. These ring artefacts can, to some extent, be corrected in the reconstruction stage. This can be done by using the sinogram, any straight
vertical line in the sinogram (except for possibly the centre line) must be
from a damaged pixel. By using this information, it is possible to interpolate new values for such a pixel using the neighbouring pixels. At some
level there are always ring artefacts in CT data as the individual pixels
have their own slight differences in response which it is difficult to correct
for.

2.2.7

Misalignments

For the computation of the reconstruction it is of great importance that
the centre of rotation from the scan is known. This is important because
it is used as the centre of the reconstructed volume and if it is not correct
the entire volume will be skewed. There are today highly accurate systems
that registers the centre of rotation correctly, however not all systems are
so accurate. Common practice is to determine the centre of rotation by
examining a reconstructed slice with different shifts of the rotation axis.
This is cumbersome work that also adds great operator dependency to
the resulting reconstruction. If the exact misalignments are known it is
possible to account for them during the reconstruction [28]. There are
several ways to measure this and recently there has been much development
in calibration artefacts made for this purpose [29].
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Under sampling

Under sampling is when not enough projections were collected for the reconstruction [8]. The artefact looks like a mildly streaking noise at some
distance from the centre of rotation. Under sampling can and should be
avoided by using an adequate number of projections. The number of projections needed depends mainly on the detector.

2.2.9

Photon starvation

Photon starvation is when not enough X-rays manages to penetrate the
sample. The result is that the information inside of the sample is lost, at
best. If the sample is symmetric there is a chance that the surface of the
sample can be reconstructed but all other information will be lost. Photon
starvation can be prevented by increasing the energy and intensity of the
X-ray spectrum and/or the exposure time. However, this come with great
cost in quality of the CT data as discussed previously. The best course, if
acceptable, is to reduce the sample size. In some cases, a sample can have
high aspect ratios, for example flat samples. To set an X-ray energy that
gives good contrast for a flat sample is highly difficult since the sample in
some direction will be very thick (high attenuation) and in some directions
very thin. If possible, a sample should be in a cylindrical shape to give
the best CT results since the thickness of the sample is the same from all
directions.

2.2.10

Feldkamp artefact

If a cone-beam system has been used there will be an artefact present
called the Feldkamp artefact. This artefact is also known as the ”cone-beam
artefact”. The artefact originates from the fact that the FDK reconstruction
is only an approximation outside of the central plane of the CT scanner.
The angle outside of the central plane will distort the reconstruction, the
volume becomes increasingly distorted as one moves further away from the
central plane. A schematic of this effect can be seen in figure 2.16. As seen
in the figure, information is increasingly missing the further away from the
centre plane that the volume is reconstructed. This effect actually causes
objects that lie in parallel with the centre-plane to be increasingly distorted
as the information needed to reconstruct accurately is missing. A way to
reduce this effect is to reorient the samples so that any flat surfaces are
inclined by roughly half the cone angle [30].
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Figure 2.16. Cone-beam artefact. The schematic illustrates how a horizontal
slice of the volume to be reconstructed is projected onto the detector

2.2.11

Thresholding and Segmentation

Most CT datasets need to be segmented before they can be analysed, there
are various methods with different strengths and weaknesses. Segmentation
means to separate different materials from each other. In the simplest case,
the CT volume only consists of two materials (it is, of course, possible to
have only one but there is no information in that volume), these materials
need to be separated in order to study them. The separation of materials
is performed using the intensity of the voxels, known as grey-values. In
standard CT data a high grey-value (white) corresponds to a high density material and a low grey-value (black) corresponds to a light material.
Usually when a sample is scanned there is some surrounding air that will
usually be the least absorbing material and will thus be given the lowest
grey-value. An example of a slice containing air, aluminium, and plastic
can be seen in figure 2.17 together with a histogram over the grey-values.
There are many different ways to perform the segmentation of such a
volume and the results can be quite different depending on the method that
is chosen. In this section, a few of the most common segmentation methods
used in CT are presented but there are many more. One of the simplest
ways to perform a segmentation is to use the ISO 50% method.
ISO 50%
The ISO 50% method is based around identifying two peaks in the greyvalue histogram. One of the peaks should be the background (usually
air) and the other peak should be the material. The border between which
voxels should be considered to be material and background is then set in the
middle of the two peaks, thus the name 50%. This method of segmentation
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Figure 2.17. A CT slice containing air, aluminium, and POM plastic and the
corresponding histogram showing the greyvalues.

is fast and highly repeatable since it needs no input from the operator.
However, it only works for CT volumes with two materials since if there are
more than two peaks it will be difficult to place the border. This limitation
causes the method to only be applicable to two material systems.
Region growing
If a CT volume consists of more than two materials, there is a need for
another segmentation method. A method that gives great versatility is
region growing. The region growing segmentation is based around the selection of a certain grey-value that should be considered as material. The
grey-value is typically selected by an operator who selects the value by eye.
Once a value has been selected other voxels with similar values will also be
considered as material. The range of voxels which should be considered as
material can be set by the user. This gives the possibility to select a certain
range of voxels to be considered material without having to consider the
general grey-value histogram. Region growing can be a powerful method to
segment data, but it has a problem, traceability. The entire region growing segmentation is based on the grey-values that the operator decides to
select. If this segmentation was to be repeated, even by the same operator,
it is likely that a different value would be selected, slightly changing the
segmentation result. This is, of course, even worse when it comes to comparing results between different operators whom will almost never produce
the same segmentation.
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Local adaptive thresholding
Local adaptive thresholding (LAT) is a way to calculate a surface through
various gradients. The LAT algorithm takes local variations and gradients
of grey-values into account when a surface is calculated which can improve
results significantly when such effects exists (gradients are almost always
present on account of beam hardening).
ISO 50% with LAT
Background and material peaks are selected with ISO 50% and a threshold
value is calculated. This value is then used as a starting value for the LAT
that calculates a surface.
Region of interest
The operator selects two volumes of voxels whose average grey-value is calculated. A threshold is then placed at a value in between these two average
values, much like ISO 50% but with the option to choose the material and
background. The operator should be careful to select as many voxels as
possible for each selection to achieve good average values for the regions.
Region of interest with LAT
The threshold is defined as in the previous method, but the LAT algorithm
is used to calculate the surface.

2.2.12

Sub-voxel accuracy

The simplest segmentations are performed in a binary way. In this context
that means that the line between materials in the CT volume is drawn at
the borders between voxels. This means that after a grey-value threshold
has been set a voxel is determined to be either material, or background.
The drawback of this method is that some information will be lost. This
is because in CT data there are always gradients in the grey-values. The
border between material and background usually consist of several voxels
and the grey-values span from background to material within these voxels.
Simply using ISO 50% and placing a border along the edges will create a
coarse edge where there is a risk that the error of the surface will be at
least half a voxel. Instead of using the binary segmentation it is possible
to calculate the border by using the grey-values of the neighbouring voxels.
This calculated border can then be allowed to pass through voxels instead
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of following their borders, increasing the accuracy of the border. An example of this effect can be seen in figure 2.18 and a real example from the
segmentation of a sphere can be seen in figure 2.19.

Figure 2.18. a) Material border drawn at the borders between voxels b) Material
border calculated through voxels.

Figure 2.19. a) and b) Segmentation of a sphere using binary segmentation c)
and d) Using a calculated border.

2.3

Detection limits

Perhaps the most commonly asked question by inexperienced CT users is
”What are the detection limits?”. As is evident by the issues presented
in this section the answer to the question is: it depends. First, let’s look
at what is physically possible depending on the equipment. The limiting
factors here depend on the magnification.
In high magnifications the dominating limitation of what can be resolved is the penumbral blurring, which was presented in a previous section. Penumbral blurring is caused by the size of the focal spot and at high
magnifications it can be significant [31]. The problem is further examined
in figure 2.20.
Following the notation from figure 2.20 the relationship for the magnification can be expressed as:
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dd
.
ds
Geometry then gives the following expression:
M=

B = S(M − 1).

(2.10)

(2.11)

For example, having a focal spot of 10 µm and a magnification of 20
will give a penumbral blurring of 190 µm. This blurring will occur on the
detector, the corresponding blur found in the centre plane of reconstruction
will thus be:
S(M − 1)
.
(2.12)
M
Continuing the previous example, this would give a blur in the centre
plane of 9.5 µm.
On the other hand, at low magnification, the limitation lies in the pixel
pitch of the detector. The pixel pitch is the centre to centre distance between two adjacent pixels. For the detector to be able to detect a difference
BM =

Detector

Focal spot
Center plane of reconstruction

Distance to sample

Distance to Detector

Figure 2.20. Schematic of penumbral blurring in the detector plane, depending
on the size of the focal spot and the magnification.
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in intensity for two objects the distance between the intensity peaks must
be at least two times the pixel pitch, as can be seen in figure 2.21.
a)

c)

b)
Detector pixels

Figure 2.21. a) Two identical objects imaged at adjacent pixels, unresolvable b)
Two identical objects imaged with the distance of 2Pp between them, resolvable
c) Worst case scenario where two identical objects cannot be resolved even with
a distance of 2Pp .

In the figure, Pw is the width of a pixel, and Pp is the pixel pitch i.e.
the centre to centre distance between two pixels. In the ideal case the
pixel width and pitch are almost the same, but for many detectors there
is a small spacing between pixels, therefore only the pixel pitch should be
considered and not the width. The figure illustrates three cases of imaging
of identical objects that are in close proximity to each other. Case a)
is unresolvable since two adjacent pixels will display the same intensity,
while in case b) there is one full pixel in between the objects making them
resolvable again. The distance between the objects in case b) is 2Pp . While
having this distance, the objects will be resolvable in all cases but the case
of c), therefore it should be considered to be the absolute lowest limit
for detectability. Considering what this means at the centre plane of a
reconstruction requires, once again, that the magnification is taken into
consideration. This would give the following expression for the detection
limit caused by the detector:
D=

2Pp
.
M

(2.13)

Following the law of propagation of uncertainty, the total detection limit
of points in a reconstructed volume becomes:
U=

q

BM 2 + D2 .

(2.14)

Make sure to note that in this expression any uncertainties caused by
other influences, which can be considerable, have been neglected. Thus,
this is purely the physical limitation of a system. A plot of the physical
limitations with regards to magnification for a system with a 10 µm spot
size can be seen in figure 2.22.
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Figure 2.22. Physical detection limitation for a system with a spot size of 10
µm and a pixel pitch of 7.4 µm. Penumbral blurring and detector pixel pitch are
considered.

As can be seen from the figure (and as stated earlier) there is a transition from macro to micro where the dominant limitation factor changes
from the pixel pitch to the focal spot size. However, this physical limitation has different implications depending on what is to be resolved. If the
goal is to resolve a, relatively smooth, surface of a part then it might not
be a critical issue if the volume is blurred. This is due to the sub-voxel
accuracy described earlier. For the ability to resolve pores and inclusion it
is, however, critical.
For example, a metal sample is scanned with the goal of detecting pores.
The pores are estimated to lie in the range of 10 µm in diameter. The CT
system that is used has a pixel pitch of 127 µm. First the power required
for sufficient penetration of the sample is determined, this power gives a
focal spot of 10 µm in diameter. Now the magnification is decided upon,
and the operator decides to use a magnification of 13 since that will give
a voxel size in the reconstruction of 9.7 µm, small enough to detect the
pores one might think. However, these setting will result in a blur of 21.5
µm, thus at least 3 voxels are needed to resolve pores in that scan, giving
a smallest detectable feature size of 21.9 µm.
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On top of the physical limitations all of the artefacts that were previously presented will add uncertainties. Thus, one should not use the
physical limitations as a guide as to what results to expect, but rather a
guide as what not to expect from the CT results.

2.4

Standards

One of the major limitations that hold CT back from broader industrial use
is the lack of standards. Depending on who performs the investigation for
you today the results will vary, sometimes significantly. There have been
round-robin evaluations where up to 15 international institutes were asked
to measure a few different metrology phantoms with CT [32]. More than
5000 measurements were performed in the study and the results showed
that a few of institutes managed to achieve low measurement errors. More
importantly though, all of the results from the institutes differed, a lot.
Even when the same type of equipment had been used the results could
deviate significantly from each other. The reason for this is that all the
steps in the CT chain are decided by the operator, there are no standards.
Recently there have been some development in this respect where some
general guidelines have been developed in VDI/VDE 2630 [33]. However,
these guidelines are very coarse, and most operations are still up to operators. It is difficult to develop standards for CT because almost every new
investigation is different, with different combinations of artefacts. A good
surface determination procedure for an aluminium-air scan is most likely
terrible for a aluminium-plastic scan, and the permutations of materials
and shapes are of course endless. Still, some good practises are outlined by
the VDI/VDE standard and they should be followed. Much more work is
needed in this field if CT is to be a trusted method among metrologists.

CHAPTER

3

Dual-energy computed tomography

In this chapter the basics of dual-energy computed tomography are presented
together with the current state of the art in industry. This is followed by the
development of a novel dual-energy technique presented in paper I, paper
II, and paper III. The method was developed with the aim of increasing
measurability in complex geometries and material combinations.

3.1

Fundamentals

Certain geometries and material combinations can be particularly difficult
to CT scan. When a sample contains materials with large differences in
attenuation it is difficult to find acquisition parameters that can capture
both materials in a satisfactory way. If the parameters are optimised for
the dense material, then the light material might get over exposed. If, on
the other hand, the parameters are optimised for the light material then
there is a risk that the dense material will not get penetrated. The same
problems occur when investigating samples with high aspect ratios, or in
other words, large differences in material thickness.
To increase the quality of the CT data in the case of large variety in
material thickness and/or density there is an option to use a dual-energy
(dual-energy computed tomography (DECT)) approach. DECT has proven
to be useful in medical applications and is today employed in most clinics [34, 35]. DECT is also employed in security applications where small
45
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differences in density can be enough to distinguish between harmless, and
potentially dangerous substances [36].
The main principle of DECT is to fuse the information from two different energy spectrums. This is done to capture high quality data from
each spectrum and discard low quality data. There are to date at least four
methods to perform the data collection for DECT; sequential acquisition,
rapid voltage switching, layered detector, and dual-source CT [37].
The sequential acquisition method is the most versatile of the methods
and can be employed in almost any CT equipment. In this method two
complete projections sets are acquired at different energy levels separately.
The drawback of this method is that it is time consuming to perform two
complete scans for each object. In the rapid voltage switching method two
projections are taken for each angle increment, one with high energy and
one with low. This way one scan will give two sets of projections. This
method does place some requirements on the equipment since not all x-ray
tubes can be operated in this fashion. There are also complications if one
of the energy levels requires the use of a physical filter.
The layered detector technique uses a detector with two or more layers
with different sensitivity. The sensitivity can be adjusted by the scintillator
material used for the different layers. During the scan of the object the
different layers record different spectral information. These systems are
still under development. There are also other techniques being developed
such as Quantum-counting detectors [37].
Dual-source CT are basically two complete CT systems sharing the
same manipulator. The source-detector pairs are mounted orthogonally
from each other and each one record a full data set during one scan. An
obvious drawback of this setup is that the hardware costs of such systems
is doubled compared to the other systems. There can also be complications
with cross-scatter radiation.
The computational steps after the acquisition of the data sets can generally be performed in three different ways [38]; pre-reconstruction, postreconstruction and iterative-reconstruction. A drawback with the postreconstruction methods is that artefacts (such as streaking from beam hardening) can be present in the reconstructed volumes and this can lower the
quality of the result.

3.2

State of the art

DECT has been employed within the medical sector more or less since
the invention of the CT technique, in industry however, the use of DECT
has been significantly scarcer. The existing industrial implementations of
DECT differ significantly from the medical ones in that they are mostly
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empirical. In medicine DECT it is often known beforehand which materials that will be present in a scan. Using this information it is possible
to adapt the reconstruction for those specific materials. For example, the
attenuation in the Beer-Lambert law for absorption (a mono-energetic approximation of polychromatic spectra equation 2.1) can be decomposed
into:
µ(E)t = µ(E)mat1 tmat1 + µ(E)mat2 tmat2 ,

(3.1)

where mat1, and mat2, indicates different materials with different attenuation [39]. Using two different X-ray spectra, E1 , and E2 it is then possible
to acquire:
(
µ(E1 ) = µ(E1 )mat1 tmat1 + µ(E1 )mat2 tmat2
(3.2)
µ(E2 ) = µ(E2 )mat1 tmat1 + µ(E2 )mat2 tmat2
which can be solved for tmat1 , and tmat2 , since the attenuations µ(E1 )mat1 ,
µ(E2 )mat1 and µ(E1 )mat2 , µ(E2 )mat2 are known (for example bone and
soft tissue). This method can also be extended to work for more than two
materials.
Another empirical approach to DECT was presented by Stenner et al.
[40]. In this method, projections from two different energy spectra are fused
linearly with the use of a weighting image. The method is based on the a
priori knowledge of a ground truth slice in the object. To find the optimal
fusion the following function is to be minimised:
Z
2
M = d2 rw(x, y)(cf (x, y) − t(x, y))2 ,
(3.3)
where M is the least square deviation, w(x, y) the weighted image, c coefficients, f (x, y) the linear combination of projections, and t(x, y) the template containing the a priori information (the ground truth). The authors
showed that this method is an efficient way to fuse projections from objects
where the desired result is known, for example by the use of verification
phantoms.
For industrial inspection, the constituents and internal dimensions of
a sample can, however, often be unknown, both regarding the number
of constituents and their attenuation. This is the case when performing,
for example, failure analysis. Thus, approaches to DECT that are less
dependent on a priori knowledge are needed. Heinzl et. al. wanted to
combine the ”sharp” edges that can be reconstructed from a low energy
scan, with a high energy data-set that had been able to penetrate dense
materials in a sample. The group performed this by using a Gaussian filter
to detect edges in the reconstructed high energy data-set, with a threshold
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set by the user. Using the positions of these edges they then selected filtered
data from the low energy data-set to replace the edge regions. The results
showed that metal induced artefacts could be reduced with this method but
there was a severe information loss and the measurability of the data-set
was reduced [41].
Another group fused two data-sets, acquired with different X-ray spectra, in the projection-domain. Each pixel in the overexposed projections PO
was analysed, and replaced with a pixel from the underexposed data-set,
PU , if the pixel had a higher intensity than a certain threshold using:
(
P (x, y)O , P (x, y)O < threshold
P (x, y)F =
(3.4)
P (x, y)U , P (x, y)O ≥ threshold
where P (x, y)F is a pixel in the fused projection [42]. One of the issues with
this method is that the threshold needs to be determined by the user for
each data-set (the authors of the work used 90% of max intensity). Another
is that when two data-sets are fused by picking the full pixel value from one
data-set and placing it into another there is no transition. This can cause
one material to appear to be two different materials after reconstruction and
create false surfaces. The group tried to reduce these effects by downscaling
the overexposed pixels, but the transition could not be fully overcome.
More recently, Vavrik et al. has experimented with a method that
decomposes data-sets by subtracting either low, or high, energy data-sets
from one another [43]. For example, the group uses the following procedure
to decompose aluminium from plastic composite:
Faluminium = C150kV − 0.76C70kV

(3.5)

where F is the fused pixel and C the original pixels from the two data-sets.
The constant is decided upon by dividing intensities of areas of interest in
reconstructions of the original data-sets. This procedure seems to be able
to generate material decompositions but is likely to be unstable in regards
of the results and it is highly user dependant.
DECT is increasingly used in today’s material research, in biology for
example, different density regions of specimens can be resolved nicely using
the method [44]. Applications have also found their way into the investigation and conservation of antique musical instruments [45].

3.3

Method development

The motivation behind the development of a new DECT method was that
the methods used industrially found in literature seemed either to complicated (need of a priori information) or crude (did not utilise the potential of
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the method). The methods used for medical CT were all tuned for specific
cases and were to a large extent the secrets of the CT manufacturers. The
goal of developing this new method was to create something that was easy
for an operator to use, could be utilised in any CT system, and produced
significant improvements in the CT data for complicated material systems.
This new method was developed in stages through the course of roughly
three years. In this chapter the progression of the method from the first
version to the last is presented.

3.3.1

Dual-energy tool version one

In paper I and II the first version of the DECT tool was developed and
presented. The tool uses sequential acquisition data and pre-reconstruction
fusing. Over and underexposed projections are acquired from a sample and
used to build a fused projection. The fused projections are then reconstructed. The projections seen in the figures of this section are of the
multi-material phantom presented in section 4.3.1.
Computational method
The computational method of the DECT tool follows the work-flow seen in
figure 3.1. The work-flow and computational method was first presented in
paper I. Overexposed projections are used to build templates that controls
the fusion process. The intensities of the overexposed projections are first
normalised. The normalised projection is then used to build a template
using the following expression;
5
4
3
2
I(xi , yn )T = ε(aIN
+ bIN
+ cIN
+ dIN
+ eIN + f ),

(3.6)

where I(xi , yn )T is the template, ε a scaling factor, IN the normalised
overexposed projection and a − f constants. The following notation will be
used for the template henceforth:
I(xi , yn )T = IT .

(3.7)

The template is used as a weight to fuse the two original projections
using the following expression;
I(xi , yn )F = IT I(xi , yn )OE + (1 − IT )I(xi , yn )U E ,

(3.8)

where I(xi , yn )F is the fused projection, I(xi , yn )U E the underexposed projection, and I(xi , yn )OE the overexposed projection. The template is controlled by the user to ensure that desired values are extracted from each
projection. The user can alter the values of the constants in equation 3.6
or choose from simpler fusing algorithms such as cos, sin, sqrt, and exp.
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Figure 3.1. Work-flow of the computational method. Overexposed projections
are used to build templates that are in turn used to fuse the over and underexposed projections together. A noise reduction filter is applied to the fused
projections and which finally undergo a histogram adjustment to enhance the
contrast. Adapted from paper II.

3.3 Method development

51

The evaluation of the fusing results are performed by examining and comparing the intensity plot lines of the fused projections with the over, and
underexposed projections. The deciding factor for the fusing function in
paper I and II was taken to be the relative contrast between the spheres
and the cone. An example of this contrast and how it was evaluated can be
seen in figure 3.2. The interface of the DECT tool during a fusion process
can be seen in figure 3.3. More details concerning the DECT tool can be
found in paper II.

Figure 3.2. (a) A fused projection of the test object, the red line represents
where an intensity plot is taken. (b) Three intensity plots, in blue the fused
projection, red the underexposed projection and in black the overexposed projection. The intensity for the projections have been normalised and the distance
is in pixels across the projection. The depth of the centre valleys stands in correspondence with the contrast of the object, the deeper the valley the larger the
contrast. Adapted from paper II.
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Figure 3.3. The interface of the in-house software during fusion of a phantom. The interface displays the original projections
and the fused result, histograms for all projections, filtering functions and histogram adaptation tools. The intensity line plots
seen in the right of the interface are acquired from the intensity line indicated in red on the fused projection. The intensity
lines from the original over, and underexposed projections are acquired from the same line as in the fused projection. Source:
paper II.
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Dual-energy tool version two

Version two of the tool uses the same general procedure as version one but
with a new, more easily controllable, fusion function. The new function is
based on the error-function which is a sigmoid function. The basic fusion
is performed in the same way as in version one, here presented again but
with a different notation:

If = ∆f usion IH + (1 − ∆f usion )IL ,

(3.9)

where ∆f usion is the template used to select intensity values. The template is built using a sigmoid function that creates a smooth transition
from one projection to the other. In this work the sigmoid function of
choice was a variation of the error function. The reason for this choice was
that the function shape can be altered easily without changing its general
shape. This function allows for information from the high energy projection to be selected to a certain range of intensities, intensities lower than
this range will to a larger extent be selected from the low energy projection. For each projection pair the template is generated from a normalised
high energy projection, IN . The projection is normalised so that it ranges
0 < I(x, y)N < 1 in intensity through:

I(x, y)N =

I(x, y)H
.
max(IH )

(3.10)

A sigmoid function is then applied to the normalised projection. The
function used in this work was the following:

∆f usion = 0.5 −  erf(τ (IN − λ)),

(3.11)

where  is a parameter that controls the max/min values that the function
can reach, τ a parameter that controls the width of the transition window
of the function, and λ is a parameter that shifts the transition point of the
function. The parameters can be said to control the,  level, τ window, λ
shift, of the fusing function. The general shape of the function and how it
affects which intensities that are selected from each projection pair can be
seen in figure 3.4. When the fusion is complete a new projection has been
created where low attenuating material have an artificially higher attenuation and high attenuation material possess an artificial lower attenuation.
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Figure 3.4. The shape of the sigmoid function used to fuse projections. The
figure illustrates the shape of the function that each of the parameters , τ , and
λ controls. Source: paper III.

A low value for the Level () parameter ( = 0) causes the template
function to not produce any transition between the energy levels, staying
at a value of a flat 0.5 no matter the intensity of the pixels. For any higher
value of , up to a max of  = 0.5, the transition increases, always centred
around 0.5. For the  = 0.5 value the template function transitions from
fully selecting values from the high energy projections to fully selecting
values from low energy projections.
A low value of the Window (τ ) parameter (τ = 1) causes the transition
from high to low energy to be only slightly sloped, while a high value,
τ = 10, produces a steep transition.
A low value of Shift (λ) parameter (λ = 0) causes the transition to occur
around the lowest value of intensity found in the high energy projection.
The value could be set lower but there would be no additional effect from
this on the form of the function that could not be achieved by combinations
of the other parameters. A high value of λ = 1 causes the transition to occur
around the highest value of intensity found in the high energy projection.
Using this function is a vast improvement to the method used in version
one as there are only three parameters to tune instead of five. Further the
shape of the function will always be the same within the bounds set for
the parameters which is definitely not the case for fifth degree polynomial.
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This function creates a smooth transition from the high energy projection
to the low energy projection. By adjusting the parameters (, τ , and λ) a
fusion function can be generated that artificially makes highly attenuating
material seem less attenuating and low attenuation material seem more
attenuating. This homogenises the projections and produces less artefacts
when reconstructing multi-material volumes.

3.3.3

Evaluation of version two

So which values should be used for the parameters? This is of course an
important question to answer. To find the optimal fusion parameters, the
values of , τ , and λ were selected as:
0.05 ≤

 ≤ 0.5,

0≤λ

≤ 1,

1≤τ

≤ 10,

with

∂ = 0.05

with

∂τ = 1

with

∂λ = 0.05

All the parameters were evaluated for all combinations of , τ, λ, resulting in a total of 2100 volumes for each test phantom presented in section
4.3.1 (the cone phantoms). These volumes were reconstructed and measured to find the fusion with the most beneficial results. A logarithmic
beam hardening digital filter was applied to all reconstructions. This filter
would likely not have been needed for the DECT fusions, but it was applied
in order to have the exact same reconstruction procedure as for the reference scans. Also, no filtering or histogram adjustments were performed in
this evaluation. The results can be found in section 5.2.

3.4

Linear dual-energy fusion

As a comparison for the new DECT method a simpler linear method was
also evaluated. The linear fusion was performed by a linearization of the
two data-sets. For each set of projections a fusion was created through:
If = αIH + (1 − α)IL ,

(3.12)

where If is the fused projection, IH the high energy projection, IL the
low energy projection, and α the fusion constant. For 0 < α < 1 the
relationship between the values selected from each projection varies from
all of the values being picked from the low energy projection (α = 0) to that
all of the values are being chosen from the high energy projection (α = 1).
However, it is also possible to allow α to grow beyond this constraint for a
pseudo-fusion of the projection sets. Researchers have shown that this can
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sometimes be beneficial if the data-sets contains large amounts of streaking
caused by beam hardening [46].
In this work, α was evaluated for the values of:
0 ≤ α ≤ 1,

with

∂α = 0.05.

Using the selected parameters, the linear fusion travels from a full low
energy volume to a full high energy volume. By performing these fusions,
the optimal linear fusion, with the given input, should be found, or at least,
indicated. For each phantom, this procedure produced 21 volumes.

CHAPTER

4

Complex material systems

This chapter starts with a brief definition, history, and summary of AM,
as this is one of the focus areas for this thesis work. This is followed by two
sections that describes the AM methods that were employed in this thesis
in paper V through VIII. Following these sections, multi-material systems
that have been investigated are presented and finally, two phantoms used to
evaluate the DECT method is presented.
Complex material systems are a broad term and in the context of this thesis
it refers to material systems that contains either of two properties; complex
geometries and/or multi-materials. Geometries can be considered complex
due to, for example, a high number of features and/or double curved surfaces. A complex geometry can also contain internal features, such features
were previously difficult to fabricate but can now be produced successfully
using AM. Complexity can also be due to difficulties in acquiring accurate
dimensional measurements. In this thesis the last two cases of complexity will be considered. Multi-material systems refer to material systems
that contains two or more materials. For such applications, material combinations including plastics, ceramics and metals are common. In other
applications materials are combined to utilise their mechanical properties
more efficiently. A common example today is the combination of plastic
and carbon fibres in a composite to create lightweight components with
a high stiffness to weight ratio. Multi-material systems can be difficult
both to manufacture and perform non-destructive testing on. In this the57
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sis work material combinations that are common within the industry have
been studied.

4.1

Additive manufacturing

AM is an evolution from rapid prototyping that has been around since the
1980’s (actually AM has been around for much longer) [47, 48]. In AM,
a 3D design is sliced into thin digital layers that contain the geometric
information about that specific section of the component. These layers, also
known as slices, are then processed to create the scanning/travel path of an
AM machine. The fabrication processes in AM vary but the core principle
is to add small portions of material, layer by layer, to eventually form a
full component. A schematic of the work-flow in a AM process can be seen
in figure 4.1. AM techniques have significant advantages versus classical
manufacturing methods when it comes to design possibilities. Designers
creating components with AM are no longer constricted by what can be
milled, lathed or moulded but can build whatever geometry that suits their
needs, almost without compromising.
There are many materials available for AM, such as a variety of plastics
with and without reinforcement fillers as well as a selection of metallic
alloys. However, the selection of materials suitable for AM is still somewhat
limited. Common plastic materials that are available for AM today can be
seen in table 4.1.
Table 4.1. Common plastic materials available for various AM processes today
[49, 50, 51]

Material

Main properties

Polyamide 12 (PA12)
Glass bead filled PA12
Aluminium filled PA12
Carbon-fibre reinforced PA12
Polyamide 11
Polyaryletherketone
Acrylonitrile butadiene styrene
Polylactic acid
Cyanate Ester 220
FullCure720

Multi-purpose plastic, Bio-compatible
High stiffness, Wear resistant
Thermally conductive
High strength to weight ratio
Ductile, Renewable
Wear resistant, High stiffness
Ductile, Relatively heat resistant
Ductile, Renewable
High stiffness, High heat resistance
Ductile, High print accuracy

It should be noted that there is also a large variety of material combinations that include polyamide and polylactic acids, but these are mostly
for prototyping purposes. It might seem that there is a large selection of
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Figure 4.1. General work-flow of Additive Manufacturing. A 3D design is created, the design is sliced into digital layers, ”slices”, that contain the geometrical
information about that specific layer of the design. The slices are stacked together and are now ready to be 3D printed. Depending on the printing process
and finish requirements the product is complete after the print or needs to be
processed further with, for example, surface treatments or hot isostatic pressing.
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materials to pick from when it comes to plastic AM but to put the selection into context it can be said that for injection moulding there are tens
of thousands of different plastic materials to choose from [50].
On the metal side of AM there are less materials to choose from than
for plastics. Some of the common metal alloys used in AM today can be
seen in table 4.2.
Table 4.2. Common metal alloys available for various AM processes today [52,
51]

Material

Main properties

Maraging steel
Stainless steel
Nickel alloys
Cobalt chrome
Titanium
Aluminium
Copper alloys

High strength, stiffness and hardness
Ductile, High strength
Heat resistant, Corrosion resistant
Bio-compatible, High strength, Heat resistant
High strength to weight ratio, Bio-compatible
Thermally conductive, High strength to weight ratio
Electrical and thermally conductive

In metal AM methods there are three main techniques; powder bed,
powder feed and wire feed [3]. In the powder bed process the material (in
powder form) is raked onto a build table. The build table moves downwards
in steps between the powder depositions while lasers or electron beams melt
part slices in the powder. The melted surface layer is fused together with
the layer underneath, this process continues until the whole part is complete
[50]. Powder bed systems have the ability of generating good dimensional
control [3]. A drawback of these systems is that for some materials they
leave excess material that cannot be reused (the powder which is not melted
into a part).
In the powder feed system the powder is deposited by a nozzle while
a laser melts it at a specific distance. Either the build table or the nozzle
moves to build the part layer by layer [3]. These systems are more suitable
for large geometries than the powder bed systems since the process usually
produces significantly less non-reusable powder. These processes also provide the option to repair or extend old parts by building directly onto the
old part. The process does, however, limit the designs somewhat because
the lack of a support structure and the surface roughness is usually high.
In metal wire feed systems, the material is supplied in wire form that is
melted into layers by either laser, electron beam or a plasma arc. The wire
feed systems usually produce a rougher part that needs machining but is
able to build large structures relatively fast [3].
Plastic AM also utilises the powder bed method mentioned above. The
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powder feed systems are not used for plastics, but the wire feed systems
are, with some alterations. Plastics generally have a low enough melting
point, enabling the use of a heated nozzle to melt the plastic which is then
spread into layers by the nozzle (Fused Deposition Modelling).
An additional technique used for plastic AM is where a liquid polymer
is cured by ultraviolet light. This technique can be used in different ways,
the liquid can be spread in thin layers onto a build plate to be instantly
cured layer by layer [53]. The technique can also be used to draw a part
continuously out from a liquid vat [49].
In this thesis work two AM methods have been utilised, the powder
bed technique SLM for metals and the stereolitography (SLA) for plastics.
These two techniques, and the geometries that were fabricated by them,
are presented in the following sections.

4.1.1

Selective Laser Melting

SLM is a powder bed technique where a geometry is built by the fusing of
a metallic powder. The process follows the same work flow as described in
figure 4.1. The fabrication process begins by the placement of a thin layer
of powder onto a build table. After the powder is placed a laser traces the
cross section of the part to be built, using the information produced by a
digital slice. As the laser grazes the metal powder it brings the metal above
its melting temperature, causing the metal to briefly enter a liquid state
and fuse together. Once the entire cross section has been traced the build
table is lowered and a new layer of powder is spread on top of the fused cross
section. Each time that the laser liquefies a new cross section it melts both
the new powder and the fused cross section underneath, causing the layers
to fuse with a dense result. The process is repeated until a finished part has
been fabricated. During the fabrication the part experiences severe heat
gradients which results in residual stresses in the material [54]. To prevent
the part from distorting, a support structure is built that connects the part
to the build table and holds it down (after the fabrication process parts
are heat-treated to relieve the internal stresses). The support structure
can also be used to facilitate the fabrication of overhangs. The fabrication
process is protected from the ambient atmosphere by a shielding gas. This
is done to prevent the melt pool created by the laser to react with oxygen
[55]. The build chamber can also be heated to slightly above 100o C to
reduce the risk of contaminants, such as gas and moisture, being present
in the powder. A schematic of the SLM process can be seen in figure 4.2
where a rake is used to spread the powder onto a build table from a supply
bin.
There are several manufacturers of SLM systems located around the
world. The systems come in many different configurations and sizes, rang-
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Figure 4.2. The configuration of the SLM machine used in in this work. Powder
is supplied by a powder supply bin that moves powder upwards in incremental
steps. Once the the powder is raised the rake spreads it over the build table and
pushes any excess powder into the overflow bin.

ing from build volumes of 250×250×300mm to 500×280×325mm [3]. There
is a variety of materials available for the SLM process, ranging from aluminium and titanium to cobalt-chrome alloys. In general, any weldable
metal can be fabricated with the SLM technique. The SLM process is not
yet fully mature, much work is spent on developing modelling tools and
optimization of parameters [56, 47, 57].
There are many factors that can influence the part accuracy, some which
can be affected and some inherent to the process. One of the part accuracy
factors is the size of the raw powder, powder with smaller particles can
increase the part accuracy but the powder is difficult to handle [58]. Other
factors, such as the size of the melt pool, can be adjusted and tuned to
give better part accuracy results, however, the increased accuracy comes
at a cost. The dimensional accuracy and the material integrity are linked.
Decreasing the size of the melt pool can be beneficial for the part accuracy,
however, it could cause the produced part to be highly porous since the
metal particles will not receive sufficient energy to fuse [47]. Controlled
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porosity can in some cases be desired but for the most part a porous component is not suitable since it can display poor/unpredictable mechanical
behaviour.
In this work the SLM system M290 from Electrical Optical Systems
(EOS) was used to fabricate parts in AlSi10Mg.

4.1.2

Stereolitography

SLA is an AM method that fabricates parts by curing thin layers of photopolymer resin with ultraviolet (UV) light. The method is one of the oldest
in the field of AM with the first commercial machines being sold in 1990’s
[59]. A common method of SLA is where a photopolymer resin is applied
to a build-plate with the help of printer heads with µm sized nozzles (also
known as material jetting). Many printers deposit both a polymer that
will form the part and a polymer that becomes gel-like in consistency when
cured. This gel works like a support structure for the build. After the
resins have been deposited a UV light illuminates the resins which cures
them. After curing the build plate is shifted downwards a small increment
and the process is repeated until a full part has been cured. A schematic
of the process can be seen in figure 4.3 and 4.4.

Figure 4.3. A schematic of a material jetting SLA printer. The printer deposits
photo-polymer from the nozzles onto the build plate where it is cured by a UVlight. The printers commonly print at least two materials at the time, support
and part material.
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Figure 4.4. a) The UV-light and the nozzle heads. Each nozzle head can have
hundreds of small nozzles b) Cross-section of a nozzle. Each nozzle is controlled
individually and thus a high precision in both position and size of the droplets
can be obtained.

The printer heads of today have the capability to deposit very small
and accurate amounts of resin droplets. Because of this the accuracy of
SLA parts can be very high with accuracies down to <10 µm [59].
Today there are also SLA printers that fabricates parts by projecting an
entire slice while slowly lifting a part out from a pool of polymer resin (VAT
polymerization) [60]. These printers can produce parts faster than the
aforementioned printers but have limitations in design freedom as support
structures can be needed for some designs. There are also SLA printers that
use a focused UV beam to cure parts, much like the SLM powder method
but with a polymer vat instead of a powder layer [60]. These methods have
an advantage in comparison to the material jetting technique when it come
to material options. In the methods where the liquid resin resides in a pool
it is also possible to suspend small particles of metals or ceramics. These
will then be embedded into the part during the curing. After the curing
of the resin is complete the part can be heat-treated, burning the plastic
and sintering the particles. Using this technique, it is possible to fabricate
highly accurate metal and ceramic parts with wall thicknesses <75nm [61].

4.1.3

Lightweight lattices

One of the main interests from industry when it comes to AM is the ability
to produce lighter parts with the added design freedom that AM provides.
Parts can be made lighter with the use of topology optimisation, where the
actual optimal solutions can now be fabricated without any consideration
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Figure 4.5. Common truss lattice unit-cells a) Body-Centered-Cubic (BCC) b)
Face-Centered-Cubic-SelfSupporting (FFC-s) c) BCC+FFC-s d) Octogonal e) A
3x3 unit-cell lattice of the BCC structure. Adapted from paper VII, VIII, and
[62].

to tooling. Parts can also be made lighter by replacing unnecessary bulk
material with lattice structures. Commonly the lattice structures used today by industry are based around networks of trusses. The work presented
in this section comes from paper VII and paper VIII.
Truss lattices
Truss lattices were the first lattices to be used in AM, most likely due to
their simplicity in design. These lattices are based around unit-cells of
trusses that can be altered in diameter or unit-cell size to create a desired
material density. A few of the most commonly used truss lattices can be
seen in figure 4.5.
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There are, of course, many more unit-cells for truss lattices but their
usefulness is limited as the behaviour of truss lattices are highly similar
[62]. Truss lattice designs are also limited by the fact that most printing
methods would need to provide support structures for angles to the normal
above 60 degrees. These supports would be highly difficult to remove.
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Surface lattices
The first pioneers discovering the surface lattices were Schwarz, Riemann,
Weierstrass, Enneper, and Neovius, active in the mid 19th century [63].
They continued the intial work on surfaces started by Laplace back in the
18th century. The initial purpose of their research was to find mathematical
surfaces that locally minimised their surface area, they came to be known
as triply periodic minimal surfaces (TPMS). Much later in the 1970’s, a
researcher at NASA known as Alan Shoen got interested in the surfaces
and developed a few of his own [64]. Shoen also managed to use vacuum
forming to fabricate a few of the surface lattice unit-cells that he discovered.
Of course, at the time there was no possibility to fabricate the structures
industrially.
In very recent years these structures surfaced again, and in an age of
AM we are now able to produce them. Many surfaces were discovered by
the aforementioned scientists and a few of them can be seen in figure 4.6,
4.7, 4.8.
Surface lattices are highly complicated in their geometry as they often
fold around themselves. The fact that they consist of one continuous surface
has however shown to be highly beneficial when it comes to the mechanical
behaviour of the lattices. Examples of studies of surface lattices can be
found in [65, 66, 67, 68, 69, 70, 71][72, 73, 74, 75, 76, 77, 78, 79]. The general conclusion of these works is that surface lattices have a high stiffness
to weight ratio. As the research of these lattices have only recently picked
up there is still much left to learn about their properties and behaviour. In
this thesis the behaviour of truss, and surface lattices is compared, especially with regards to fabrication errors which are abundant in many AM
methods.

Figure 4.6. Surface lattice unit-cells a) Schwarz Diamond b) Schwarz Primitive
c) Shoens Gyro d) I-WP. Adapted from [62].
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Figure 4.7. Surface lattices a) Dual-diamond b) Double-gyro c) Double-prime
1 d) Double-prime 2 e) FRD f) Gyro-prime 1 g) Gyro-prime 2 h) Gyro i) I-WP
j) Lidinoid k) Neovius l) Octo 1.
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Figure 4.8. Surface lattices a) Octo 2 b) PN c) S d) Schwarz Diamond e)
Schwarz Primitive f) Split-primitive g) Double-diamond 2 h) Double-gyro 2 i)
FRD 2.

Fabrication process
To utilise lattices the industry needs to fabricate them in metal alloys.
Currently, the most common commercial methods that can fabricate thin
structures with AM are powder-based methods. These methods are the
aforementioned method of SLM (section 4.1.1) and Electron Beam Melting (EBM). EBM can typically print parts faster than the SLM method but
has a poorer accuracy and relies on sintering the entire powder-bed. This
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Figure 4.9. Schematic of the fabrication in a powder-bed AM system a) The
fabrication of a truss b) Fabrication of a continuous surface. Source: paper VIII.

procedure makes powder removal highly difficult in parts where it is not
possible to have a line of of sight with the powder that is to be removed. In
a surface lattice for example powder removal would be almost impossible
for larger lattices. Because of this it is likely that the SLM method will
be the method of choice for fabricating lattices for the immediate future.
Fabricating trusses and surfaces with SLM is highly different for several
reasons, a schematic of the procedures can be seen in figure 4.9.
When fabricating parts with SLM the majority of the heat is conducted
through the underlying solid material [80, 81]. When fabricating a truss,
the volume that can conduct heat is small and thus the characteristics of
the melt pool will be difficult to control. This leads to poor quality when
printing thin trusses. Due to the issues with heat conduction it is possible
that a truss can distort slightly during printing. If it does, chances are
that it experiences rake-part interaction and bends, thus compromising the
entire truss. Additionally, if there is a small inconsistency in the power-bed
where a truss is printed, it can compromise the entire truss. If there is a
small inclusion in the truss, it can compromise the entire truss. If there is
a pore in the truss, it can compromise the entire truss. On the other hand,
when fabricating a surface heat can always be conducted through the entire underlying surface. This provides significantly better heat conduction
than in the truss case and heat problems are thus less of an issue. If the
surface was to distort and experience rake-part interaction there is an entire surface to flex against the rake and it is unlikely that the surface will
bend entirely. If there is a small pore, this should have little influence on
the mechanical properties of the lattice as the force can easily be directed
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to other parts of the lattice. The same should be true for inconsistencies
in the power-bed and inclusions. To test the assumptions regarding the
mechanical properties of the lattices the following experiment was set up.
Experiment design for investigation of fabrication defects
To investigate the behaviour of lightweight lattices when there are fabrication errors present in the structures two lattices were investigated: the
BCC truss lattice and the Schwarz D surface lattice. The design of lattice
structures can be seen in figure 4.10. Errors were designed in the truss
lattice as cut outs in the trusses or in the vertex points connecting trusses.
The thickness of the cuts was the same as the thickness of the surfaces
(0.27 mm). The errors were distributed randomly in the positions seen in
figure 4.11.

Figure 4.10. The design of two lattices. To the left, the design of the BCC
lattice, unit-cell and full lattice. To the right, the design of the Schwarz D lattice,
unit-cell and full lattice. Source: paper VIII.
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Figure 4.11. Possible positions for the errors induced into the BCC lattice.
There were 275 positions where the defects could be placed. Source: paper VIII.

In the surface lattices the errors where designed as holes in the surface normal to the orientation of the surface. The diameters of the holes
were designed to be 0.67 mm. The locations of the errors can be seen in
figure 4.12.
The dimensions of the errors were chosen to provide a ”fair” comparison
between the two lattices. The errors for the BCC lattice was designed as
layered defects with the thickness of the surface lattice (0.27 mm). The
errors could either be placed in a truss or in a vertex point. The errors in
the Schwarz D lattice were designed as cylindrical holes with a diameter
equal to the diameter of a truss in the BCC lattice (0.67 mm). These errors
could be placed either normal to a surface or in a saddle point. The design
of the errors can be seen in figure 4.13.
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Figure 4.12. Possible positions for the errors induced into the Schwarz D lattice. In total, there was 162 positions where the errors could be placed. Source:
paper VIII.
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Figure 4.13. Fabrication errors induced into the unit cells. The defects are
marked in red a) Defect in a truss b) Defect in a vertex point c) Defect in a
saddle point d) Defect normal to the surface. Source: paper VIII.

The actual positions of the defects were randomised, three error distributions were generated for each lattice. 25 errors were induced in each of
the distributions. The position of the defects with regards to layers can be
seen in figure 4.14.
This procedure resulted in four variations of each lattice, as-is and error
distribution 1 to 4. These structures were investigated with regards to their
compression behaviour, the results can be found in section 5.8.
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To produce efficient, lightweight, components one strategy is to use combinations of several materials. Using this idea, it is possible to exploit the
strengths of one material while diminishing it weaknesses. Within industry
there is a special interest in combing lightweight reinforced plastic composites with metals. This is classically done with the use of glue and rivets [82].
These methods are useful but less than optimal when it comes to performance. Rivets causes stress concentrations and glues are typically weaker
than the composite and can cause cohesive failures in joints. There has
been continuous research aimed at trying to improve these types of joints
and one of the tracks is to use surface features on the metal side of a joint to
interlace with the fibres in the composite. One of the earlier methods used
a laser or electron beam to create surface structures on the metal side with
the help of a small melt-pool. These structures are in the size range of 100
to 1000 µm and can be created over relatively large areas in a short time
[83]. A joint can then be created by curing the composite directly on top of
this structured surface, interlacing the metal-structures into the composite
[84, 85, 86, 87]. These types of joints are both chemical and mechanical
and the load distribution in these joints can more homogeneously transfer
loads than conventional joints.
More recently, researchers have been investigating the possibility of fabricating surface features with AM that are aimed for multi-material joints
[88, 89]. AM allows for more freedom when in comes to designing the surface features and joints can be optimised for specific load-cases. Examples
of these joints include various pin designs that are designed to protrude
into the composite before curing. These pins can be designed in various
ways to increase either pull-out behaviour or shear conditions. A limitation
of the pin joints is that pins are limited as to how they can be fabricated
in an AM machine. All of these joints are highly interesting for industry,
but more development is needed to perfect them and investigate new ideas.
Inspecting the interfaces of these joints is crucial to understand them but
is a difficult task for many inspection methods. CT should be perfect to
get full 3D information about the interfaces but can struggle with artefacts
caused by the differences in attenuation.
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Aluminium-CFRP joint
An aluminium-CFRP joint was developed with the help of SLM. The design
of the metal side of the joint can be seen in figure 4.15.

10 mm

3.6 mm

a)

10 mm

40 mm
80 mm

3.6 mm

10 mm

7.4 mm

b)

10 mm

40 mm
80 mm

10 rows of teeth, 25 on each side, 50 in each bond

c)
45°

30°
1.9 mm

30°

3 mm
3.1 mm

Figure 4.15. The design of the metal side of the joint a) A flat reference design
used for milled and AM samples b) A design with ”teeth” fabricated with AM c)
The design of the ”teeth”. Source: paper VI.

The teeth on the metal inserts are designed to be fabricable in several
orientations by AM while also being able to hook into the fibre-composite.
Two reference designs without teeth were also fabricated: one by milling
and one by SLM. The milled inserts were also sandblasted. The joints
were named Milled (flat milled and sandblasted insert), AM (flat insert
fabricated with AM), and AM-t (AM insert with teeth). The inserts can
be seen in figure 4.16.
After fabrication the metal inserts were joined with CFRP by adding
them into a wet layup procedure. 50 plies of carbon-fibre were used to build
up the entire parts. The orientation of the woven plies was +90◦ /0◦ and
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Figure 4.16. The metal side of the joints ready for the next step of the process
a) AM-t sample b) AM sample c) Milled sample. Source: paper VI.

Figure 4.17. The final samples after all the fabrication steps a) Bending test
sample b) Tensile test sample. Two aluminium plates were glued to the CFRP
end of the samples to protect the CFRP from damage from the tensile machine
grippers. Source: paper VI.

+45◦ /-45◦ , a schematic of the layup can be seen in figure 4.18.
Six samples were fabricated out of each type of metal insert. Three for
4 point bending testing and three for tensile tests. The final samples can
be seen in figure 4.17.
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Metal insert

Metal insert

Metal insert

Metal insert

Figure 4.18. The layup design of the fabrication process for the joints. Four
joints were fabricated at the time by placing them in between two stacks of CFRP.
Source: paper VI.
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Multi-material Phantoms

This is the second type of material systems that were studied in paper
I, paper II, and paper III. Many components produced today utilises
several different materials, in different sizes, shapes, and combinations. To
investigate such components with CT can be difficult, because of density
and material thickness related issues. Two multi-material phantoms were
investigated in this work and they are presented in this section.

4.3.1

Cone-phantom

A multi-material phantom was developed with the aim to study measurement consistency. The phantom consists of a hollow cone geometry with
precision spheres stacked on the inside. The precision sphere materials
included in this work are listed in table 4.3.

Figure 4.19. Schematic of the hollow cone geometry. Precision spheres are
placed inside of the hollow cone. The diameter D is the same for all the precision
spheres and is used as a reference value for investigations. Source: paper II.
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Table 4.3. Materials, densities and geometrical accuracy for the precision
spheres. Source paper IV.

Material

Density (g/cm3 )

Ceramic (Si3N4)
Titanium (Ti6Al4V)
Steel (AlSi)

3.26
4.45
7.8

Variation(µm)
±0.1
±2.0
±0.7

Precision spheres were chosen since they are reliable measurement points
for CT evaluations. The precision spheres were placed into a hollow cone
fabricated out of aluminium (2.7 g/cm3 ), see figure 4.19. This geometry
is not complex to fabricate but it is complex with regards to CT investigations, as was explained in section 2 and 3.
The hollow cone causes the enclosing material surrounding the spheres
to increase linearly with the height of the cone, according to figure 4.20.
The dimensions of A and B were 6.35 mm and 40 mm respectively. Ten
precision spheres with the dimension 6.35 mm were arranged inside of
the hollow cone, one material at the time. This gave a total of three test
assemblies. They are from here on referred to as the Al-Steel, Al-Ti, and
Al-Ce phantom.

Figure 4.20. Enclosing material thickness as a function of the distance H. The
black lines indicate the average enclosing thickness at the centre of each precision
sphere. Source: paper II.
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4.3.2

Complex material systems

Gap-phantom

The gap-phantom was developed by Peter Hermanek and Prof. Simone
Carmignato and was first presented in [90]. The phantom consists of two
rectangular parts that are mounted together with two screws. Both parts
have slots cut into them and when they are mounted together these slots
form gaps between the two parts. The slots were fabricated using electrical
discharge machining as it can produce highly accurate cuts. The design
can be seen in figure 4.21.

Figure 4.21. Design of the gap-phantom developed by Peter Hermanek and
Prof. Simone Carmignato. The phantom contains both well-defined gaps for
measurements as well as a wedge-shaped gap to determine the lowest limit of gap
determination. Source: paper IV.

The sides were fabricated in several materials and in this work the
Ti/Cesic and Ti/Al combinations were investigated. The dimensions of
the slots were measured with a micro-CMS Zeiss F25 before mounting so
that precise measures were known. The measurement task for this phantom
was then to see how small gaps that could be measured and how accurate
the measurements were.

CHAPTER

5

Results and applications

This chapter contains the results from paper I through VIII. First, the
results from the DECT development in paper I and II are presented. This
is followed by a presentation of the results from the second version of the
DECT tool and the linear method presented in paper III. The results of
the two methods are then compared. Possible ways to improve the DECT
method is then discussed in a short subsection on automation. The DECT
method is then applied to the gap-phantom in the next section which presents
the results from paper IV. Moving over to applications more relevant for
industry the next section presents the performance of the Aluminium-CFRP
joints and investigations of them using the DECT tool. The content in this
section comes from paper V and VI. Finally, the results from investigations and applications of lightweight lattices are presented from paper VII
and VIII.

5.1

Dual-energy tool version one

The main interest in the multi-material phantoms presented in section
4.3.1 lies in being able to measure the diameters of the spheres inside of
the cone. Non-destructively this can only be done with CT. However, the
phantoms are difficult to scan since parts of the phantom will always be
over or underexposed, producing severe artefacts in the CT data. The three
multi-material phantoms were scanned with a high (overexposing) energy
setting called OE, a low (underexposing) energy setting called UE, and a
83
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reference, Ref, energy setting where the CT operator attempted to find an
energy to capture the entire object. The scanning parameters for all of the
settings can be seen in table 5.1.
Table 5.1. Material combinations and scanning parameters used for image acquisition of the multi-material phantoms. Source: paper I.

Material setup

Scan type

kV

µA

Filter (mm)

Al-Steel
Al-Steel
Al-Steel
Al-Ti
Al-Ti
Al-Ti
Al-Ce
Al-Ce
Al-Ce

Ref
OE
UE
Ref
OE
UE
Ref
OE
UE

145
223
108
125
223
98
124
223
98

82
107
82
82
112
82
82
114
82

Cu
Cu
Cu
Cu
Cu
Cu
Cu
Cu
Cu

0.5
2.0
0.3
0.3
2.0
0.1
0.3
2.0
0.1

The target material used for all of the scans were Tungsten. Each scan
was performed with 720 projections and an acquisition time of 1 s for each
projection. The acquisition time for one projection set was thus 12 min,
resulting in a total acquisition time of 24 min for a fused volume. After
a trial and error process, the fusing was performed with the algorithm of
equation (3.6) using the constants seen in table 5.2 and a scaling factor
of ε = 1.
Table 5.2. Constants used for the fusing algorithm in the DECT tool version
one. Source: paper II.

Constants
Value

a

b

c

d

e

f

−5.5

15.5

−13

3

−0.5

1

After fusion, the projections were reconstructed using the FDK algorithm. Two volumes were built for each phantom, a fused volume created
with the DECT tool and a reference volume built with the reference projections. The voxel size of the volumes was approximately 80 µm isotropically.
The volumes were segmented using the local adaptive thresholding method.
Special care was taken to try and select the sample voxels in the same position in each volume. It was found that for the fused volumes there was
a more homogeneous distribution of grey-values in the spheres compared
to the reference volumes. In the reference volumes the spheres at the top
of the phantom, with little enclosing material, erroneously appeared to be
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Figure 5.1. a) Steel spheres segmented from a fused Al-Steel volume, sphere
1 is to the left b) Global thresholding of a reference volume, the spheres starts
to dissolve from 10 and continuing upwards c) Global thresholding of the fused
volume, the spheres dissolve more homogeneously. Adapted from paper I.

of a denser material than the spheres at the bottom of the phantom. An
example of this can be seen in figure 5.1 where the global threshold of
the Al-Steel volumes has been moved until the ”lightest” material started
to dissolve. As can be seen in the figure the reference volume starts to
dissolve from the bottom while the fused volume starts to dissolve more to
the centre of the phantom.
The surface determination was performed using the region of interest
method with LAT. The regions selected for the threshold calculation was
sphere number 6 (explained later in this paragraph) and the adjacent cone
material. After the surface determination the spheres were measured using
a Gaussian fit method. Points were selected for the sphere fitting until
the measured diameter deviated less than 10 µm between calculations. The
results from the measurements of the reference volumes can be seen in
figure 5.2. The top sphere which was the least enclosed in material is
labelled 1 and the bottom sphere which was the most enclosed is labelled
10. The measurements were adjusted so that sphere 1 was set to be the
real diameter of the spheres, 6.35 mm.
A clear trend could be observed in the results where the diameter measurements of the spheres declined in size with the increase of enclosing
material. The more similar the densities of the spheres and the enclosing
material the more rapid the decline. The missing data points for the Al-Ti
and Al-Ce volumes are spheres that could not be segmented due to noise
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or lack of contrast. Measurements made in the fused CT volumes can be
seen in figure 5.3.
Unlike the measurements made in the reference volumes all of the spheres
could be resolved in all of the fused volumes. In addition, the measurements
do not display the exponential decline in diameter measurements found in
the reference volumes. Instead, the measurements display a quadratic behaviour. The standard deviation of the diameter measurements can be seen
in table 5.3.
The standard deviation was found to be lower for the fused volumes
except for the Al-Ce volume. This is partly due to the fact that the standard deviation of the reference volume is inflated by the low amount of
measurable spheres. The overall behaviour of the measurements from the
fused volumes are significantly improved. Allowing for measurements of
all the spheres and improving the measurement consistency. It is likely
that the fusion algorithm could be improved to increase the measurement
consistency.

Figure 5.2. Diameter measurements of spheres from the reference volumes. The
real value of the diameter, 6.35 mm, is only displayed for comparison. Source:
paper II.
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Figure 5.3. Diameter measurements of spheres from the fused volumes. The
real value of the diameter, 6.35 mm, is only displayed for comparison. Source:
paper II.

Table 5.3. Standard deviations of the precision sphere CT diameter measurements. Source: paper IV.

Volume

Standard deviation (mm)

Al-Steel Ref
Al-Steel Fused
Al-Ti Ref
Al-Ti Fused
Al-Ce Ref
Al-Ce Fused

0.09
0.05
0.10
0.09
0.15
0.26
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Dual-energy tool version two

The results from the 6300 fusions were evaluated with regards to the standard deviation of the diameter measurements taken from the spheres. The
same three dataset investigated with version one of the tool was investigated, Al-Steel, Al-Ti, and Al-Ce. Again, the surface determination was
performed with region of interest and LAT. However, the selection of the
regions changed slightly compared to the measurements performed with
version one of the tool. The regions selected for threshold calculation was
now sphere 6 and the adjacent air rather than the cone material. The reason
for this change was that it was found to improve the surface determination
of spheres that were close in density to the cone. The sphere diameters
were, again, calculated using the Gaussian fit method. The points for the
calculation was selected using a template and 50 points were used for each
sphere.
For each of the phantoms the standard deviation for the sphere measurements was calculated using:

v
u
u
ST D = t

N
N
1 X
1 X
|Di −
Di |2 ,
N − 1 i=1
N i=1

(5.1)

where N is the number of spheres in each phantom and D the diameters
of the spheres. If a sphere could not be measured, the diameter for that
sphere was set to 0. The standard deviation was chosen to determine how
successful a fusion was as a low standard deviation indicates that the sphere
measurements were consistent.
The standard deviation results from the fusions of the Al-Steel phantom
can be seen in figure 5.4. The standard deviation results from the fusions
of the Al-Ti phantom can be seen in figure 5.5. The standard deviation
results from the fusions of the Al-Ce phantom can be seen in figure 5.6.
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Figure 5.4. Standard deviations from the Al-Steel phantom. Source: paper III.
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Figure 5.5. Standard deviations from the Al-Ti phantom. Source: paper III.
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Figure 5.6. Standard deviation from the Al-Ce phantom. Source: paper III.
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Observing the plots along the Shift (λ) axis it can be seen that there
are four different solution regions. At the low values of Shift (λ), where the
fusions are dominated by the low energy projections, there is a valley of local
minima forming as the Level () increases. At high values of Level () there
is a ridge forming where there is not enough high energy projection data to
reconstruct the spheres with the most enclosing material. The second ridge
found in the plots is where the fusion of low, and high energy projections
causes blurring of the spheres. For certain fusion parameters the negative
effects are severe and only a few spheres could be reconstructed. After this
ridge there is another, outstretched valley with local minima. In this valley
the high energy projections are dominating.
Low values of the Window (τ ) parameter causes the fusion template to
be almost completely linear from high to low energy, while a high value
causes the transition to be increasingly abrupt. As can be seen from the
results, higher values (τ > 5) produces lower standard deviations in the
valleys on both sides of the central ridge. However, the negative effect
of the ridges are also increased. Further, the sensitivity of Window (τ )
increases as the Level () increase. From the results it can be seen that
a high value of Level () provides the solutions with the lowest standard
deviations.
In the case of the Al-Steel phantom, the solution with the lowest standard deviation was found where the low energy projections were dominating. The high energy projections mostly effected the region where the
enclosing material was the thickest.
The same four regions of solutions as could be found for the Al-Steel
phantom could also be found for the Al-Ti phantom.
For this phantom, the solution with the lowest standard deviation could
be found in the region where the high energy projections were dominating.
In this solution, only a small fraction of the low energy projection information is used.
Again, the same trend with the four solution regions was found in the
Al-Ce phantom results. Contrary to previous phantoms, the solutions with
the lowest standard deviations for the Al-Ce phantom were found at low
values of Level () rather than high. The best solution could be found
where the low energy projections were dominating. This solution is close
to the linear solution with an α value of 0.5.
The lowest standard deviations found on each side of the central ridge,
for each phantom, can be seen in table 5.4.
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Table 5.4. Standard deviations from non-linear fusions.


0.4
0.5

τ
8
9

λ
0.1
1

Std (µm)
9.5
32.0

Al-Ti

0.45
0.5

6
4

0.1
1

13.7
12.2

Al-Ce

0.05
0.15

10
3

0.15
1

3.4
3.9

Al-Steel
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Linear fusion

All the phantoms were also fused with the linear method. Except for the
fusion method the procedure for surface determination and measurements
were the same as for the data from version two of the DECT method. The
standard deviation of the measurement results from the linear fusion of the
Al-Steel phantom can be seen in figure 5.7.
The results from the linear fusions of the Al-Steel phantom displays
a clear global minimum. Up until α = 0.15 the standard deviation is
significantly higher than it is for higher levels of α. This was due to that
the volumes contained spheres that could not be measured. The lowest
standard deviation was found for α = 0.25 and was 17 µm, it then increases
steadily until finally levelling out. The results from the Al-Ti phantom can
be seen in figure 5.8.
The result from the Al-Ti phantom contains two local minima. The
first occurs at α = 0.2 and the second, global minimum, occurs at α = 0.9
with a standard deviation of 14.9 µm. The results from the Al-Ce phantom
can be seen in figure 5.9.
The Al-Ce phantom result has a global minimum. This occurs at α =
0.5 with a standard deviation of 4.9 µm.
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Figure 5.7. Standard deviations from the Al-Steel phantom using the linear
method. Source: paper III.
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Figure 5.8. Standard deviations from the Al-Ti phantom using the linear
method. Source: paper III.

In all of the linear fusions it can be seen that the standard deviation
is many orders higher for the low values of α than they are for the rest
of the fusions. This is the case since these fusions are highly dominated
by the low energy projections, which did not contain sufficient information
in the thick part of the phantom. Thus, this part of the phantom could
not be reconstructed, and subsequently, measured in these fusions. Spheres
that could not be measured had their diameter set to 0 for the standard
deviation calculation, causing the great increase of the measurand.
A sensitivity analysis was performed on the results from the linear fusions to determine the influence that the fusion parameter had on the fusions. A model was created with the help of the software Eureqa [91]. For
each of the linear fusions a model was created for the standard deviation
of the measurements in each volume as:
stdlinear = f (α).

(5.2)

The sensitivity of the input parameters was calculated using:
s=|

∂std σ(α)
|
,
∂α σ(std)

(5.3)

where s is sensitivity and σ the standard deviation. The results from the
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Figure 5.9. Standard deviations from the Al-Ce phantom using the linear
method. Source: paper III.

sensitivity analysis can be seen in table 5.5.
The linear fusion process is fairly sensitive to the selection of α. The
sensitivity shows the relative impact that the variable α has on the standard
deviation. The positive, and negative %, describes the likelihood that an
increase of α would increase, or decrease, the standard deviation. The
magnitudes describe, generally, how large the impact of α would be on the
standard deviation.
In general, it is highly favourable to increase α for all of the linear
fusions, due to the high standard deviations for the low values of α. Because
of this, too much emphasis should not be placed on the magnitudes of the
changes, but rather the distributions. In all of the linear fusions it can be
seen that the increase of α has an almost equal probability to increase or
decrease the value of the standard deviation.
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Table 5.5. Sensitivity analysis on the dependence of α on the standard deviation
on the linear fusions.

Al-Steel
Variable
Level (α)

Sensitivity
1.50

+
45%

Mag.
0.04

55%

Mag.
2.69

Al-Ti
Variable
Level (α)

Sensitivity
1.63

+
40%

Mag.
0.02

60%

Mag.
2.70

Al-Ce
Variable
Level (α)

Sensitivity
1.11

+
65%

Mag.
0.09

35%

Mag.
2.99
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5.4

Comparison of methods

This section compares the ”best” results from the reference method, the
linear method, and the DECT version two method (non-linear). The diameter measurements of the fusion with the lowest standard deviation from
the Al-Steel phantom can be seen in figure 5.10.
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Figure 5.10. Diameter measurements in the Al-Steel phantom using the reference method, linear method, and DECT version two. Source: paper III.

As can be seen from the results the reference measurements decrease as
the thickness of the cone increases. Both of the DECT methods improves
the measurements significantly. Both of the DECT methods display the
same general behaviour with two drops in the measurement values. These
drops correspond to the transition from severe beam hardening effects.
Since this phantom contain steel which produces significant beam hardening
it turns out that the ”best” fusions actually induce beam hardening for the
bottom spheres to equalize the beam hardening of the top spheres.
The fusion with the lowest standard deviation from the Al-Ti phantom
compared to the linear method and the nominal values can be seen in
figure 5.11.
The results from the Al-Ti phantom is similar to those from the Al-Steel.
The reference measurements decline following the increased thickness of the
cone while the DECT methods does not. It is more difficult to trace the
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Figure 5.11. Diameter measurements in the Al-Ti phantom using the reference
method, linear method, and DECT version two. Source: paper III.

behaviour of the fused measurements to known phenomena but it can be
seen that their behaviour is similar.
The fusion with the lowest standard deviation from the Al-Ce phantom compared to the linear method, the nominal values, and the reference
method can be seen in figure 5.12.
The behaviour of measurements in this phantom differs from the previous two. This is mainly because the densities of the spheres and the
cone are similar and there are less beam hardening effects. The reference measurements increase as the enclosing thickness increase as a result
from increased noise. Both of the DECT methods manage to improve the
measurements significantly. Their behaviour is almost identical with the
non-linear method showing a small improvement compared to the linear
one towards the bottom of the cone.
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Figure 5.12. Diameter measurements in the Al-Ce phantom using the reference
method, linear method, and DECT version two. Source: paper III.

Table 5.6. Comparison of the lowest standard deviation measurements found in
the reference, and fused, volumes.

Al-Steel
std (µm)
Diff. (*/.ref)
Diff. (Lin/Non-lin)

Ref.
54.1
n/a
n/a

Linear
17.0
-68.6%
n/a

Non-linear
9.5
-82.4%
-44.1%

Ref.
51.1
n/a
n/a

Linear
14.8
-71.0%
n/a

Non-linear
12.2
-76.1%
-17.6%

Ref.
2673.9
n/a
n/a

Linear
4.9
-99.8%
n/a

Non-linear
3.4
-99.9%
-32.7%

Al-Ti
std (µm)
Diff. (*/.ref)
Diff. (Lin/Non-lin)
Al-Ce
std (µm)
Diff. (*/.ref)
Diff. (Lin/Non-lin)
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A summary of all of the lowest standard deviations found for all of the
fusions, and the references, can be seen in table 5.6.
As can be seen from table 5.6, both of the fusion methods produce significantly lower standard deviations than the reference method. Additionally, the non-linear method produces significantly lower standard deviations
than the linear method.
The high value for the standard deviation in the Al-Ce reference volume
was due to the inability to measure the two bottom-most spheres in the
phantom.
A slice from each of the phantoms from the reference volume and the
volumes with the lowest standard deviation from the linear, and non-linear
fusions can be seen in figure 5.13. The slice is a cross section of the
phantom, displaying the centre-plane of all of the spheres and the enclosing
material.
For the Al-Steel phantom, the severe beam hardening effects discussed
previously can clearly be seen. In the reference volume it can be seen how
the effect is reduced as the enclosing material gets thicker. The DECT
methods improve the measurements in this phantom by replicating the
beam hardening effect throughout the height of the cone. It can also be
seen that by applying the DECT methods the material of the cone becomes
more homogeneous in respect to grey-values.
In the Al-Ti phantom the beam hardening effect is less severe than in the
Al-Steel phantom, but still dominant in the reference volume. The DECT
methods improve the measurements in this phantom more by homogenising
the grey-values rather than inducing beam hardening effects.
In the final phantom, Al-Ce, the situation is again different. In this
phantom the beam hardening effects are contained at the exterior of the
phantom since all of the involved materials have highly similar attenuation.
In the reference scan, it can be seen that there is severe noise as the enclosing material increases in the cone. This causes the measured diameters to
increase due to noise that is added to the spheres surface, up until a limit
where a sphere can no longer be measured. Both of the DECT methods
have successfully reduced the noise level, while also, again, homogenising
the grey-values throughout the phantom. Both of the DECT methods reduced the noise to such an extent that all spheres could be measured.
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Figure 5.13. CT cross-section slices from the centre of the phantoms. The slices
are from the reference volumes and the fused volumes with the lowest measured
standard deviation. For each phantom a slice is shown from the reference, linear,
and non-linear fusion in the same plane in the phantom. The Al-Steel phantom
shows severe beam hardening effects. In the Al-Ti phantom the beam hardening
effects are less prominent. For the Al-Ce phantom a highly homogeneous result
could be achieved with the DECT methods. Source: paper III.
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Automation of the dual-energy tool

It would be ideal if the DECT tool was able to determine optimal parameters automatically. Thus, quite some time was invested into investigating
if this would be possible. In the evaluation and trials of these methods
several objects were evaluated, not just the ones presented in this work.
Several different attempts were made and a few of them will be discussed
in this section.
The first idea was to determine fusion parameters by comparing the
distributions of grey values in the high and low projections (their intensity
histograms) and determine the parameters based on differences between
intensity peaks. This idea seemed appealing at first but there were several
issues. Which projection pair should be used for this evaluation, and should
the software determine it? Depending on which pair that is chosen the input
will differ significantly for asymmetrical object. The projection pair could
be selected as the pair in which the intensity differences had the highest
magnitude. This method showed promise for some objects but was unable
to resolve others. For example, in the histogram of the cone phantoms
there are no clear peaks as the gradient of the cone material spans the
entire range of the constituting materials. Since this issue could not be
resolved the idea was abandoned even before trying to figure out how to
use the distances between the peaks to determine parameters.
Another idea was to create a semi-automatic method for parameter selection were the operator selects the projection pair to be used to determine
the parameters. After this selection a few fusions could be performed and
the CNR ratio of the projections could be evaluated. This would then be
solved as an optimisation problem where the task is to maximize the CNR.
However, as it often is with optimisation problems one of the largest
issues is to determine what to optimise for. A global CNR value turned
out to be no good. The next idea was then to have the operator select two
regions of interest to increase the contrast between. A genetic algorithm
was used to solve the following optimization problem:
minimize CN R−1 =
where,

σb
,
µ1 − µ2

v
u
N
N
u1 X
1 X
σb = t
(I(ε, τ, λ)f −
I(ε, τ, λ)f )2 ,
N i=1
N i=1
µ1 =

n1
1 X
I(ε, τ, λ)f ,
n1 i=1

(5.4)

(5.5)

(5.6)
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µ2 =

n2
1 X
I(ε, τ, λ)f ,
n2 i=1

(5.7)

where I(ε, τ, λ)f is the fused projection from equation 3.9, the sum of
pixels n1 is taken from the high attenuating material, n2 from the low
attenuating material and N from the background.
It turned out that these solutions became highly unstable. To resolve
this the operator was instead tasked to select several regions, this did indeed
work better. However, this was no longer an automatic procedure at all
given the amount of operator input. In the end it was still up to the
operator to decide if the fusion was good or not since no real measurements
can be made in the 2D projections.
It was then decided that since this was the case it would be much easier
to simply determine the parameters using a slider instead of having the
hassle of selecting regions and performing lengthy calculations. A slider was
added to the software tool that shifts the transition point (or threshold)
between the projections. The operator can continuously see which values
that will be majorly selected from the high energy projection by observing
when these values turn white. When the operator is satisfied with the
threshold the value for shift (λ) is calculated with:
λ=

Tuser
,
Imax16

(5.8)

where Tuser is the threshold selected by the user and Imax16 the maximum
intensity of a 16-bit grey-scale image (65536). It was found that using this
method, and some developed ”gut feeling”, parameters that were close to
the optimal ones could be selected with relative ease. An example of this
procedure can be seen in figure 5.14.
The way that this is implemented in the final DECT tool can be seen
in figure 5.15.
This is how far this work reached in this respect, however, there is no
reason to give up on this task yet. Given enough input data, preferably
from simulations so that extensive amounts of data can be acquired, it
could be possible that machine learning algorithms could learn to select
parameters for enough geometries and material combinations to be able
to generalise a solution. This was significantly out of scope for this thesis
work and was not pursued.
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Figure 5.14. Parameter selection in the DECT tool. a) to f) shows the progression as the slider ”threshold” is moved in the software. The threshold should
be moved until most of the high attenuating areas of the projection are white.
In this case the threshold shown in e) is appropriate for fusion. The phantom
chosen to illustrate this is the gap-phantom.
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Figure 5.15. The final version of the DECT tool. The thresholding slider used for parameter selection can be seen in the right
side of the interface.
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Dual-energy gap phantom investigation

The gap phantoms were investigated using a Nikon XT ST 225 system in
Padova, Italy. The phantoms were scanned using the parameters seen in
table 5.7.
Table 5.7. Scanning parameters for the gap-phantom measurements.

Material setup
Al/Ti
Al/Ti
Al/Cesic
Al/Cesic

Scan type
High energy
Low energy
High energy
Low energy

kV
220
113
220
100

µA
50
97
50
110

Filter (mm)
Cu 0.75
Cu 0.75
Cu 0.5
Cu 0.5

Exposure
2829 ms
2829 ms
2000 ms
2000 ms

All of the scans were performed with 2000 projections each. The purpose
of the investigations was both to measure the gaps as accurately as possible
but also to be able to measure them at all. In previous studies of the
phantoms it was found that the multi-material aspect caused artefacts that
prevented measurements of small gap sizes [90].
After being scanned the Al/Ti phantom was fused using: ε = 0.4, τ =
7.5, and λ = 0.5. The Al/Cesic phantom was fused using: ε = 0.4, τ = 7.5,
and λ = 0.25 These parameters were decided upon using mostly trial and
error and are unlikely to be the best solutions possible. The parameters
were adjusted so that most of the information about the dense materials
came from the high energy projections and vice versa. An example of
how the template looked like for one of the projection pairs can be seen in
figure 5.16.
After fusion, all of the volumes were reconstructed using both VG studio
and CT pro to study if there were any differences. An extra reconstruction
was also performed with the high energy setting for each phantom to use as
a reference, this volume is called ”Single energy”. The distances in the gap
phantom were measured using the following procedure: The surface was
determined using the lower part and the data set was then aligned. The
volume was then duplicated, and the surface was determined on the top
part with a subsequent realignment of the copied volume. In the next step,
measurement features were constructed, the copied volume was realigned
again, and the measurement results were extracted. The gaps were measured as a distance between two opposite points constructed according to
a dedicated, so-called patch-based, procedure. The surface determination
was performed with three different methods; ISO 50% with LAT (Hist),
Region of interest (ROI), and Region of interest with LAT (ROI-adv).

108

Results and applications

Figure 5.16. The template used for the Al/Ti phantom a) Projection where
both materials are visible b) Projection where the materials are combined c)
Template for the a) projections. Light pixels will be picked mainly from the high
energy projection and dark pixels from the low energy d) Template from the b)
projection. Source: paper IV.

The results from the measurements can be seen in figure 5.17 and
figure 5.18.
From the results it can be seen that the DECT method produced slightly
worse results for the Al/Cesic phantom compared to the single energy volume. This was expected as this version of the phantom does not pose large
difficulties for the CT method as the densities of the materials are highly
similar. In the Al/Ti phantom it was however found that more measure-
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Figure 5.17. Measurement results from the Al/Cesic phantom. Source: paper IV.

ments could be made in the fused datasets. A limitation to this study was
that it was found that the samples had moved slightly between the high,
and low, energy scans. This added a blurring effect to the fusions which
reduced measurability. This is always a problem with the sequential acquisition method. The systems and the mounting of samples need to be
highly stable to reduce any unwanted movements. A possible solution to
this problem would be to register the projections before fusion. This is
however complicated as they are acquired with different energies and the
objects do not look the same. The edges of a sample are more unsharpened
in the high energy projections and the internals can be completely blocked
in the low energy projections. A possible way around this would be to have
a small lead artefact in the scan that will be completely blocked by both
energy levels. This artefact could then be used to register the projections.
However, the cost of using this method would be to sacrifice a section of
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Figure 5.18. Measurement results from the Al/Ti phantom. Source: paper IV.

the detector for the artefact and thus the effective area that could be used
for the scan would be reduced.
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Dual-energy applied to metal-CFRP joint
investigation

One of each of the sample types presented in section 4.2 were investigated
using the DECT tool. The settings used for the investigation can be seen
in table 5.8.

Table 5.8. Energy settings used for the CT scans of Aluminium-CFRP joints.

High Energy
Low Energy

Voltage (kV)
68
61

Current (um)
84
64

Filter
None
None

The volumes were fused using the DECT tool version two with the
parameters:  = 0.3, τ = 7.5, and λ = 0.4.
A 3D rendering of the results can be seen in figure 5.19.
The interfaces between the CFRP and the Aluminium is critical for the
performance of the joints, they can be seen in figure 5.20, 5.21, and 5.22.

Figure 5.20. Slices from the milled joint a) Cross-section revealing the state
of the joint b) Slice taken at the interface region between the CFRP and the
Aluminium. Source: paper VI.
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Figure 5.21. Slices from the AM joint a) Cross-section revealing the state of the
joint b) Slice taken at the interface region between the CFRP and the Aluminium.
Source: paper VI.

Figure 5.19. 3D rendering of the CT results from the joints a) The AM-t joint
b) The AM joint c) The Milled joint. Adapted from paper V.
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Figure 5.22. Slices from the AM joint a) Cross-section revealing the state of
the joint b) A slice from a region close to the Aluminium insert c) A slice close
to the tips of the Aluminium teeth. Source: paper VI.

As can be seen from the interfaces the milled and AM samples both
have a, mostly, homogeneous interface without distortions. Since the AM
samples had a micro-porous surface the interface region became thicker for
these samples compared to that of the milled samples. The interface regions were measured to be around 50 µm for the milled samples and 260
µm for the AM samples. For the AM-t samples it is difficult to quantify
the interface region but what can clearly be seen from figure 5.22 is that
the interface is porous. This porosity was likely caused by imperfect penetration of the teeth into the fibre-plies. This created tunnels between the
fibre-plies and the metal where the resin could flow out of the part during
the curing procedure. The samples were mechanically tested using 4-point
bending and tensile testing, figure 5.23.
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Figure 5.23. a) Mechanical setup for 4-point bending of the samples b) Mechanical setup for tensile testing of the samples. Source: paper VI.

Three samples of each type were tested with 4-point bending and characteristic results can be seen in figure 5.24.
Representative Bending results
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Figure 5.24. Characteristic results from 4-point bending of the Milled, AM,
and AM-t samples. Source: paper VI.
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Figure 5.25. Samples after bend testing a) Milled b) AM c) AM-t. Source:
paper VI.

From the bending results it can be seen that the differences between
the sample types are distinct. The AM samples could withstand roughly
twice the moment compared to the milled samples and the AM-t samples
roughly three times the moment. The samples after bending can be seen
in figure 5.25.
The average results for all the samples subjected to the 4-point bending
can be seen in table 5.9. Characteristic results from the tensile tests can
be seen in figure 5.26.
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Table 5.9. Average results from 4-point bending test for the twelve samples that
were evaluated. Source: paper VI.

Sample
Milled
AM
AM-t

Avg.
Max moment
7.1 Nm
20.2 Nm
29.7 Nm

std.

Disp.

std.

1.7 Nm
1.5 Nm
2.6 Nm

0.8 mm
1.4 mm
2.3 mm

0.1 mm
0.1 mm
0.2 mm
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Figure 5.26. Characteristic results from tensile testing of the samples. Source:
paper VI.

From the tensile results it could be seen that the Milled and AM samples
displayed similar behaviour. The AM-t samples all performed slightly worse
than the other samples, failing at a lower maximum load. All of the samples
failed in the plastic region which indicates a cohesive failure. The average
results can be seen in table 5.10.
In the bending situation all of the samples are subjected to a dominating
peel stress. In this situation the extent of the interface region has a high
impact on the strength of the joint. The AM samples had a larger contact
interface between the composite and the metal, and this could explain their
superior performance. The AM-t samples, even though their interface was
porous, had their surface features partially in-bedded into the fibre-plies.
This increased the joints resistance to peel-stress significantly.
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Table 5.10. Average results from the tensile test on the specimens.

Sample
Milled
AM
AM-t

Avg.
Max load
6.5 kN
6.6 kN
4.5 kN

std.

Disp.

std.

1 kN
0.3 kN
0.6 kN

1.5 mm
1.4 mm
1 mm

0.2 mm
0.2 mm
0.1 mm

The tensile tests showed that the milled and AM samples failed at highly
similar loads, while the AM-t samples failed at a lower load. In this type
of loading situation shear-stress is dominating. From figure 5.26 it can
be seen that the joints failed in a plastic region. This indicates that the
failures where cohesive. Since the failures where cohesive it makes sense
that the milled and AM samples failed at similar loads as they had roughly
the same cross-sectional area of resin matrix along their joints. The AM-t
samples, however, had a porous interface revealed by the CT investigation.
This should significantly reduce their ability to withstand shear loads.
It would have been interesting to measure the actual surface area of
interface regions of the joints. The CT system used for this study did not
have sufficient resolution to perform this and in future studies of joints
higher resolution systems should be employed. The fabrication process of
the joints would also need to be improved as the teeth features failed to fully
penetrate the fibre-plies. The features could be re-designed, or the actual
fabrication of joint could be improved by adding a step where the features
were vibrated into the fibre-plies. This could for example be achieved with
the help of an ultrasonic horn.
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5.8

Computed tomography investigation of
lightweight lattices

One of each of the lattice structures (as-is and error distribution 1,2,3) were
compressed to determine points of interest for in-situ CT scanning. Four
points of interest were decided upon; unloaded, elastic region, yield, and
plastic region. This corresponded to compression rates of 0, 2.7, 8, and
20 % for all lattices. The result from the compression of the BCC lattices
can be seen in figure 5.27.
Compression test of Body Centered Cubic
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Figure 5.27. Compression behaviour of the BCC as-is and error distribution
lattices. The as-is structure exhibits a higher strength than the error distributions
who all have similar behaviour in the elastic region. Source: paper VIII.

Mechanical results are also shown in table 5.11 and 5.12 where comparisons of performance also can be seen.
From the results it can be seen that the performance of the BCC lattice
is significantly impacted by fabrication errors. The lattice lost roughly
80% stiffness and 30% in yield force. Further it was found that the energy
absorption was lowered by around 30% during a compression to 50% of
their original length.
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Table 5.11. Mechanical results from the compression of the BCC lattices.

Sample
as-is
Dist. 1
Dist. 2
Dist. 3

Max load (N)
30.1
21.7
24.9
21.1

Diff. (%)
N/A
-27.8
-17.2
-29.9

Stiffness (N/mm)
43.4
9.4
7.4
6.4

Diff. (%)
N/A
-78.5
-82.9
-85.4

Table 5.12. Energy absorbed by the BCC lattices when compressed to 50%.

Sample
as-is
Dist 1
Dist 2
Dist 3

Energy (mJ)
228.1
121.9
181.3
135.4

Diff. (%)
N/A
-46.6
-20.5
-40.6

Figure 5.28. 3D CT volumes of the compression of the BCC as-is lattice a)
0% compression b) 2.7% (elastic region) c) 8% (plastic region) d) 20% highly
deformed. Source: paper VIII.
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After this initial compression another set of lattices were compressed
to, and scanned at, the specified deformations in the SkyScan 1272. CT
volumes from each of the compression steps can be seen in figure 5.28.
Slices from the same position in each of the lattices during compression
can be seen in figure 5.29.

Figure 5.29. Slices from the BCC volumes for each deformation step a)-d) shows
the compression of the as-is structure e)-h) shows the deformation of the dist.
1 structure i)-l) shows the deformation of the dist. 2 structure m)-p) shows the
deformation of the dist. 3 structure. The dashed red line highlights the behaviour
of the trusses and vertex points. Source: paper VIII.

In these slices the behaviour of BCC lattices can be followed. It can
be seen that the behaviour differs slightly between the as-is structure and
the lattices with induced errors in the elastic region. The as-is structure
deforms in a symmetric fashion while the faulty lattices deformation is
slightly distorted. This is caused by the fact that the compromised trusses
and vertex-point load paths are the first to deform.
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Compression test of Schwarz Diamond
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Figure 5.30. Compression behaviour of the Schwarz D lattices. It can be seen
that the behaviour is almost identical up to plasticity for all lattices. Source:
paper VIII.

The results from the Schwarz Diamond lattices can be seen in figure 5.30. The mechanical results are also shown in table 5.13 and 5.14.
From the results it can be seen that the Schwarz Diamond lattices are
unaffected by fabrication error up until their yield point. In the plastic
region it can be seen that the behaviour differs between the lattices. The
energy absorption is also slightly lower for the lattices with fabrication
errors. 3D CT volumes of the deformed lattices can be seen in figure 5.31.

Table 5.13. Mechanical results from the compression of the Schwarz Diamond
lattices.

Sample
as-is
Dist. 1
Dist. 2
Dist. 3

Max load (N)
155.3
153.5
152.9
151.7

Diff. (%)
N/A
-1.2
-1.6
-2.4

Stiffness (N/mm)
226.8
221.4
223.5
240.3

Diff. (%)
N/A
-2.4
-1.4
6.0
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Table 5.14. Energy absorbed by the Schwarz Diamond lattices when compressed
to 50%.

Sample
as-is
Dist 1
Dist 2
Dist 3

Energy (mJ)
791.1
790.5
713.4
735

Diff. (%)
N/A
-0.1
-9.8
-7.1

Figure 5.31. 3D CT volumes of the compression of the Schwarz D as-is lattice
a) 0% compression b) 2.7% (elastic region) c) 8% (plastic region) d) 20% highly
deformed.

Slices from approximately the same position in each of the lattices can
be seen in figure 5.32.
From the slices it can be seen that the behaviour of the lattices is the
same in the elastic region. This is expected as their stiffness was unaffected.
It seems that the lattices are highly efficient at re-routing the load paths
around the induced errors. After the yield point it can be seen that the
behaviour of all lattices differs significantly. This is the case because the
errors act as initiation points for buckling in the structures. Since all the
structures had their errors in different places the buckling differed. In the
final deformation scan at 20 % deformation it can be seen that as a result
of this the buckling of the structures were all completely different.
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Figure 5.32. Slices from the Schwarz D volumes for each deformation step a)-d)
shows the compression of the as-is structure e)-h) shows the deformation of the
dist. 1 structure i)-l) shows the deformation of the dist. 2 structure m)-p) shows
the deformation of the dist. 3 structure. The dashed red lines highlights the
behaviour of the surface. Source: paper VIII.

The utility of surface lattices goes beyond their mechanical properties as
they can also be used, as-is, in multi-functional components. For example,
the Schwarz D lattice separates two volumes within the lattice. These
volumes could carry two different fluids, separated by the lattice walls.
Using this functionality the Schwarz D lattice could be used to fabricate
a stiff, lightweight, heat exchanger. An example of how such a component
could look like can be seen in figure 5.33 and figure 5.34.
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Figure 5.33. a) A component that is stiff, lightweight, energy absorbing, and
functions as a heat exchanger b) A cut in the components revealing the internal
structure of the component consisting of a Schwarz D lattice. The lattice isolates
two different volumes.
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Figure 5.34. c) An internal fluid-flow illustrated by the iso-lines d) An external
air-flow. In this component, heat can be transferred from the fluid to the air.

CHAPTER

6

Summary

This chapter summarises the thesis and gives a perspective on possible future work. The chapter starts with a short description of what has been
done and how that relates to the research questions posed in section 1.1.1.
This worked aimed at developing and applying the CT method to investigate complex material systems. Several results were achieved and in this
summary, they are divided into two sections: One related to dual-energy
method development and one to complex material system investigations.

6.1

Dual-energy development

A multi-material phantom with a high aspect ratio was developed. The
idea behind the phantom was to create an artefact with accurate measurement points. This phantom should also have easily interchangeable
multi-material options. From these requirements the cone-phantom was
born.
Absorption contrast CT was not able to measure such a complex phantom and thus something else was needed. Research led to the conclusion
that DECT should be able to improve the measurements, however, DECT
use within industry was scarce and the few methods available all seemed
to have shortcomings. The decision was taken to develop a new DECT
method that did not rely on a priori knowledge and was easy to use. The
127
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method presented in this work progressed from improving the measurability capacity of CT to also improving the measurement results that could
be achieved. The method was also tested on a multi-material gap-phantom
where it proved to increase the measurability. Through these research activities the following research question could be answered:
How can the computed tomography method be improved concerning the
data quality of complex geometries and material combinations? Especially
in the case of measurability in objects that contain large differences in density and thickness.
It was shown in this work that the DECT method developed was capable
of increasing both the measurability and measurement consistency in multimaterial phantoms. The tool can also be used for general inspection of parts
that are challenging for absorption CT. The tool uses a non-linear fusion
method where the user can set the parameters by visual inspection of CT
projections.

6.2

Complex material systems

Armed with the DECT method work began in investigating multi-material
systems of interest for industry. A joint created by AM and carbon-fibre
composite was developed and investigated. It was found that with the help
of DECT the complex behaviour of the joints could be explained. Further,
CT was also employed to investigate the behaviour of lightweight lattice
structures fabricated by AM. These types of lattices offer no line of sight to
their interior which makes CT the only method that can find out what is
really happening in the structures. In-situ compression tests were carried
out using CT that were able to capture the deformation behaviour of the
lattices. Through these research activities the following questions could be
answered:
How can computed tomography be used as a tool to increase our understanding of complex material systems?
In the work presented in this thesis a multi-material joint was investigated using DECT. It was shown that by using the information retrieved
with this CT method it was possible to explain the complex behaviour of
the joints.
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How can complex material systems be characterised with regards to their
behaviour in specific loading situations?
In-situ loading of complex, lightweight lattices was conducted. The
lattices behaviour dependency on fabrication errors was investigated and
with CT it was possible to monitor and understand the behaviour of the
lattices under compression.

6.3

Future work

There is much to do! The DECT tool needs further verification using
metrology systems before it can be an accepted tool for the industry. Further, automatic parameter selection should not be abandoned. There might
still be paths to make it work, i.e. machine learning.
Much more knowledge needs to be built concerning multi-material joints
and lightweight lattices. AM have opened up a tremendous field of new
possible designs and functions that need to be explored and evaluated.
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[41] Christoph Heinzl, Johann Kastner, and Eduard Gröller. Surface extraction from multi-material components for metrology using dual energy CT. IEEE Transactions on Visualization and Computer Graphics,
13(6):1520–1527, 2007.

Bibliography

135
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[84] Faye Smith. ComeldâĎć, a new approach to joining of metals and fibre
composite materials for high performance applications. The Welding
Institiute, (January), 2004.
[85] W Tu, Fj Guild, and Pj Hogg. Comeld TM Joints: A novel technique
for bonding composites and metal. Iccm17, 2009.
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