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Abstract
Amir Reza Zekavat (2019): Application of X-ray Computed Tomography
for Assessment of Additively Manufactured Products. Örebro studies in
Technology 85.
Additive Manufacturing (AM) is a novel method for fabricating parts from
three-dimensional model data, usually by joining materials in layer upon layer
fashion. The freedom of design in this method has resulted in new possibilities for fabrication of parts with complex geometries. Manufacturing nearnet-shape parts as well as geometrically complex components such as periodic
cellular structures that are used in lightweight structural components, has made
AM a promising manufacturing method in industry.
Despite the numerous advantages of the AM methods, the imperfections associated with the manufacturing processes has limited the application of additively manufactured parts. Porosity and surface texture of AM parts especially
those fabricated using Laser Powder Bed Fusion (LPBF) methods, have been
studied in this thesis. It was observed that the mentioned imperfections have
a considerable impact on the mechanical performance of thin-wall structures
that are the constituting units of surface-based periodic cellular structures. The
quality of internal structure in components fabricated using Fused Deposition
Modelling (FDM) and its effect on the strength of those components were the
other issues investigated in this thesis.
In order to investigate the mechanical strength of AM parts, as the result
of mentioned mesoscale imperfections, appropriate evaluation methods that
are capable of quantitatively assessing these imperfections are required. X-ray
Computed Tomography (CT), a non-destructive evaluation method, has shown
high capabilities for providing useful and reliable geometrical information of
both internal and external features of AM components. The challenges involved
with the application of CT for assessment of AM component are also studied
in this thesis.
Apart from the contributions of this thesis on how CT may be used in AM
field, t he r esults o f t his t hesis h as p rovided i nsight i nto t he d esign p rocess of
cellular structures. This thesis has provided essential information about the
strength dependency of thin-walls as the result of mesoscale fabrication defects and how these defects are dependent on the selected material and design
of the structure.

Keywords: Additive manufacturing, X-ray computed tomography, Surface
roughness.
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Chapter 1

Introduction
1.1

Background and Motivation

The world’s population is growing at a much faster rate than ever before. According to a study conducted by the United Nations (UN), the world’s population is expected to increase by 2 billion persons in the next 30 years, from
7.7 billion currently to 9.7 billion in 2050 and increase to nearly 11 billion
by the end of the current century [1]. This growth poses many challenges to
the Sustainable Development Goals deﬁned by the UN [2]. Moreover, it is a
potential threat for exploiting natural resources, including energy, water, and
raw materials due to severe economic competition for more production. Since
most of these resources are limited and non-renewable, improper use of them
causes signiﬁcant damages to the environment. The recent extreme weather
conditions, the frequent natural disasters, and the melting of glaciers are just
a few examples caused by global climate change. If the impacts of these environmental deteriorations are not given the much-needed attention, soon we
may pass the point that the situation can be reversed. Luckily, many national
and international organizations around the world have shown their concerns
regarding these issues by taking the initiative and implementing strategic road
maps and agendas. These organizations, such as the European Union (EU) continuously set tougher goals and targets to be achieved in order to control the
situation. The framework programs for funding research, technological development, and innovation such as "Horizon 2020" and "Horizon Europe" are
the sustainable development approaches for implementing the European environmental research and innovation policies.
As an example, according to the European Environment Agency (EEA), in
2016, the transport sector contributed 20% of total EU greenhouse gas emissions with the road transport accounting for more than 72% of it [3]. Thus,
the EU has set tough emission limits for passenger cars. According to the EU’s
requirements, the passenger cars carbon dioxide emission should not be more
than 95 grams per kilometer by 2020. The target set for 2030 for the long-
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distance freight transport is to achieve 40% improvement in energy efﬁciency
compared to 2010 [4]. Traditionally, within the ﬁeld of engineering and production, these goals can be achieved by reducing weight, shortening the production
lead time or using light-weight high-performance materials or solutions. The
wide application of new composite materials such as Carbon Fibre-Reinforced
Polymers (CFRP) which have relatively low weight and high strength is a good
example of this trend. Multi-material solutions by combining these polymers
with metallic materials such as Aluminum or steel has gained popularity, especially in the automotive industry. The other approaches are the application of
mixed material systems or creative lightweight design solutions such as Topology Optimization (TO) tools. Furthermore, innovative approaches for implementing multi-function designs are the most innovative methods which ﬁt in
this context. In these lines of thought, two or multiple purposes or requirements are fulﬁlled in one design. Development of multi-functional structural
batteries is an excellent example of this approach, where the body of a car
simultaneously carries the mechanical loads and stores the electrical energy [5].
Teknikföretagen, the Association of Swedish Engineering Industries, has
proposed a strategic agenda for innovation in production [6]. According to this
agenda, the "Environmentally sustainable production" and the "Flexible manufacturing processes" are the two out of six key areas which can strengthen
production in Sweden. Most of the challenges explained in these two areas
can be overcome by using new technologies such as Additive Manufacturing
(AM). AM technologies are not only beneﬁcial for efﬁcient use of raw materials, fabrication of lightweight components or remanufacturing purposes, but
also shorter lead time can be achieved using these methods. They also have
a high level of customization, which is suitable for coping with modiﬁcation
of products due to the rapidly growing number of innovative products. High
level of ﬂexibility is another enabler of these methods for dealing with external changes such as market development, energy, and environmental crises, and
changes in the availability of raw materials [6].
The capabilities of these new manufacturing technologies have brought new
possibilities in many different ﬁelds of science and technology. As mentioned
earlier, developing and investigating on these technologies is considered in the
subcategories of many national strategic agendas and regional research funding
frameworks. The fact that they are considered in megatrends such as "Digitalisation" or roadmaps such as "Industry 4.0", the innovative German strategies
within the ﬁeld of manufacturing technologies and processes, shows the level
of their importance and the reason for being investigated as it is performed in
this thesis.

1.2. PROBLEMS AND OBJECTIVES

1.2

3

Problems and Objectives

AM technologies are newly emerged fabrication processes which have deﬁned
a new paradigm in the ﬁeld of manufacturing. The capabilities of these technologies for fabrication of near-net-shape parts or parts with high geometrical
complexity has increased their applications [7]. AM is growing at a fast pace
by being more and more implemented in various ﬁelds of science and technology, thanks to their potential for fabrication of metallic and non-metallic
parts [8, 9, 10, 11]. The investments and the rise in the number of research
publications are other metrics revealing the importance of these technologies.
Although these technologies are becoming more common, they are still under
development and are not very well established compared to conventional manufacturing processes.
There are challenges which hinder the application of AM technologies for
being competitive compared to the conventional manufacturing processes. Apart
from the ﬁnancial perspective, there are technical limitations such as dimensional accuracy of parts, especially due to the surface morphology or possible
part distortions. Besides, due to layer by layer build-up principle of these methods, porosity is an inevitable phenomenon in the components fabricated using
these methods. Such challenges require the application of appropriate inspection tools in order to investigate the quality and reliability of the manufactured
components. These inspection tools are not only beneﬁcial for quality assessment of the components, but also for discovering the limitations of the manufacturing processes and how they can be improved. Therefore, inspection using
the right inspection tools is an essential step in the AM manufacturing process
chain, for obtaining highly robust components and a more reliable manufacturing method.
X-ray Computed Tomography (CT) is a well-recognized inspection method
for obtaining the geometrical information of objects and components. Although
this method has been used for medical purposes, the industrial application of
it is in the early stages. The ability of this method for non-destructively investigation of external as well as internal features of an object makes it a promising
tool for investigation of geometrically complex AM components. Despite the
outstanding capabilities of the CT, there are limitations and challenges associated with the application of this method, which requires more investigations.
This thesis tries to show the importance of CT as a non-destructive inspection
tool in the AM production chain for improvement of both the components and
the process while considering the challenges and limitations of CT. The general
ﬂow of AM production chain and the CT as an inspection method at the end
of the chain is shown in Figure 1.1.
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Development of the design

Post-processing
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Figure 1.1: Additive Manufacturing chain and the need for inspection methods.

1.3

Aim of the Thesis

The ultimate goal of the research studies performed in this thesis is to provide
an insight for improving the AM components quality and consequently their
strengths by using CT in the AM process chain as shown in Figure 1.1. To do
so, we need to have better background knowledge and understanding of these
processes’ limitations and capabilities. A prerequisite in this procedure is to be
able to quantitatively assess the imperfections and undesired phenomena caused
due to the manufacturing processes. This initially requires the application of
an appropriate method or tool for characterization of the problem. Secondly,
a thorough understanding of how these tools should be used based on their
capabilities, limitations, and their associated challenges is required. The aims of
this thesis and the corresponding conducted research studies are mainly formed
around the following fundamental questions:
How can the imperfections in AM components associated with the process
of fabrication be quantitatively investigated?
which leads to the following question:
How can X-ray Computed Tomography be used for the improvement of additively manufactured components and possibly the development of the process?
The other main question which is concerned in these studies is:
How can the imperfections in AM components associated with the process
of fabrication inﬂuence the quality and potentially the mechanical performance of an AM component?

1.4. CONTRIBUTIONS

1.4

5

Contributions

This section explains how each publication has contributed to answering the
above-mentioned research questions.
Paper I addresses the limitations of an AM method by presenting the capabilities and accuracy of the method for generating internal features and how
the material and the limitations of the method can impact both the quality of
the features and the measurement of CT results.
Paper II provides information on how CT may be used for investigating
the quality of AM components and how the CT data in combination with mechanical tests can reveal the strength dependency of AM components on the
imperfections generated as a result of the fabrication process.
Paper III and IV address how CT and its limitations associated with the parameter selection and the procedure may inﬂuence the quantitative assessment
of imperfections in an AM component.
Paper V provides essential information for the development of surfacebased periodic cellular (network) structures by presenting how the mechanical
strength of AM thin-wall components can be limited due to their imperfections
caused by the process of manufacturing.
Paper VI provides essential information on how the quality of thin-wall
AM structures is affected as the result of the manufacturing process and the
material. These results in combination with the results of Paper V can be used
for the design of the surface-based periodic cellular structures and the evaluation of the mechanical strength of these structures. Presenting the challenges
involved in the quantitative characterization of AM surfaces for better estimation of their strength and suggesting a different approach for characterizing and
quantitatively presenting of the surface texture are other contributions of Paper
VI.
This thesis is the result of a multidisciplinary approach in order to answer
practical industrial questions regarding AM products. Various ﬁelds of engineering have contributed to form the investigations presented in the publications of this thesis. Figure 2.3 shows how each paper has beneﬁted and contributed to these ﬁelds.
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Paper VI

Paper I

Surface
Engineering
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Paper III

Metrology

Material
Science

Paper IV
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X-ray
Computed
Tomography

Solid
Mechanic
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Figure 1.2: The graphical illustration of domains used in this thesis and how each publication ﬁts in these domains.

1.5

Thesis Outline

The rest of the thesis is presented as follows:
Chapter 2 deﬁnes the fundamental of the methods, including AM and CT.
The chapter follows by explaining the limitations of the methods and a short
overview of state of the art. The chapter ends by presenting the experiments
and materials used in this thesis.
Chapter 3 presents the results obtained in the publications and the corresponding discussions, presenting how CT as a non-destructive tool has helped
to assess the imperfections of AM such as surface texture and porosity.
Chapter 4 provides a summary of concluding remarks and follows with
providing insight to the future perspective of the research in this ﬁeld, the challenges which should be further investigated and possible paths to follow.

Chapter 2

Methods and Experiments
2.1

Additive Manufacturing

Additive manufacturing (AM) is a newly emerged manufacturing technique
which has brought many possibilities in the ﬁeld of manufacturing. AM, also
known as rapid prototyping, 3D printing or free form fabrication, which are
used interchangeably in this thesis, is a promising method for fabrication of
prototypes or parts with complex geometries which are expensive or impossible to manufacture using conventional methods. Based on the deﬁnition of
American Society for Testing and Materials (ASTM International) and ISO,
AM is: a process of joining materials to make parts from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing methodologies
and formative manufacturing methodologies [12].
AM technologies can be categorized into different subcategories depending
on the method of deposition, type or state of the material and type of the heat
source for melting the material. There are also many different terminologies for
these subcategories which are used interchangeably in the literature. Figure 2.1
shows an overview of available AM methods categorized based on the state of
the raw material. Despite the numerous available methods within the ﬁeld of
AM, this thesis focuses only on two of AM methods, Laser Powder Bed Fusion
(LPBF) and Fused Deposition Modelling (FDM) which are further explained in
the following sections.
The capability of AM methods for fabrication of near-net-shape geometries
directly from 3D Computer-Aided Design (CAD) data has made them unique
options for manufacturing of industrial components. Moreover, the freedom of
design for fabrication of complex geometries has caused a signiﬁcant growth
in the application of these methods in for industrial applications [7]. There is
a great interest in the application of AM in various branches of the industry,
speciﬁcally aerospace engineering [13]. Remanufacturing or repairing of damaged components such as turbine blades instead of replacing them is another
cost-effective approach enabled by AM in the aerospace industry [14]. It is also
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Figure 2.1: Different Additive Manufacturing methods.

a common practice to deposit material using Laser Metal Deposition-Powder
(LMD-P) also known as Directed Energy Deposition (DED) as well as Laser
Metal Deposition-Wire (LMD-W) to create features such as duct ﬂanges on
the large semi-ﬁnished aerospace component such as jet engine housings [15].
AM can be used for modifying or repairing of hot forging tools or sheet metal
forming dies for car body manufacturing that providing a new exterior design
of a car in a short period of time is desired [16]. Shortening the lead time by
substituting multiple manufacturing methods by one is another beneﬁt of AM.
For example, multiple machining processes in addition to assembly or joining
processes such as welding can be substituted by one AM process with possibly
a minor post-process such as surface or heat treatment. Besides, many materials which are used, especially in the aerospace industry such as Titanium alloys
have poor machinability, and 3D printing of them in some cases is favorable.
The freedom of design brought by AM has been extremely beneﬁcial for the
fabrication of lightweight metallic components. Using the powder bed methods,
metallic structures with low apparent (relative) density with the help of periodically repeated miniature struts or thin-wall surfaces can be manufactured
[17, 18, 19]. These structures can be used for lightweight structural and shock
absorbing applications, the same way that metallic foams and porous metals
have been used [20, 21, 22]. The main difference between these structures is
that they consist of structured periodic cells. By controlling the unit cell size
as well as the thickness or diameter of the wall or struts which can be in the
range of a tenth of mm, various relative densities can be achieved. These low
relative-density periodic architected designs gain a signiﬁcantly high stiffness
which has opened new possibilities for various industrial applications [23, 24].

2.1. ADDITIVE MANUFACTURING
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Figure 2.2: Strength versus density chart for material selection suggested by Ashby and
strut and surface-based unit cells courtesy of Panesar et al. [17].

Figure 2.2 presents the stiffness versus density chart for material selection provided by Ashby and the placement of low density, high stiffness periodic cellular
(network/lattice) structures (strut and surface-based) in the top left of this chart
which is considered as "Search Region" in this book [25]. In literature, these
structures are also called as "functionally graded lattice structures". Various
surface-based structures can be made with the help of Triply Periodic Minimal Surfaces (TPMS) which have gained considerable attention recently. The
unique privilege of these structures is the result of their controlled architecture which can be obtained with the help of AM and be used for the design of
lightweight structures or inﬁll design of structural parts as shown in Figure 2.3.
As it is shown by varying the thickness of the walls in the cellular structure,
various relative densities can be achieved. Paper V and Paper VI provide useful
information for the design of these structures by respectively investigating the
effect of designed thickness variation on the mechanical strength and as-built
dimensional accuracy of the thin-wall structures.
Despite the mentioned advantages, AM has not been widely used for the
production of metallic parts as compared to the other conventional manufacturing processes. One of the crucial reasons is the relatively high cost of production using powder bed AM methods. Other limitations are related to the
quality of parts, for example, the high surface roughness resulting in poor dimensional accuracy especially in case of periodic cellular structures where the
surface roughness can affect the strength of the component. Porosity and parts
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Figure 2.3: A part with surface-based Periodic Cellular Structure inﬁll and the possible
thickness variation of the walls in the cells.

distortions due to residual stresses are other factors limiting the application of
powder bed AM methods to only speciﬁc cases. In the following sections, the
manufacturing methods used in this thesis and their limitations are discussed in
more details.

2.2

Laser Powder Bed Fusion

Laser powder bed fusion is referred to the powder bed methods that use a
high-intensity laser beam as the energy source for melting the powder. Selective
Laser Melting (SLM) is interchangeably used to refer to this process. However,
SLM is a trademark of SLM Solutions GmbH, and LPBF is a better choice
for referring to this method. In this method, a micro-scale high layer of powder is spread on the built plate. Using a focused laser and a scanning unit, the
powder is melted selectively at locations in a plane according to the geometrical information obtained form slicing of the 3D CAD data. The build plate is
moved downward in order to deposit a new layer of powder with the help of
a roller. The laser then melts the next layer on top of the previous melted layer
according to the CAD data. This process is continued until the full geometry
is fabricated. In this process, depending on the material, the build chamber is
ﬁlled with inert gas in order to avoid oxidation between the layers. Figure 2.4
illustrates a schematic of this method [26].
There are challenges related to this method, which may affect the quality
and strength of LPBF components and consequently, their application in the
industry. Since this method consists of repetitive heating and cooling cycles,
the microstructure in the 3D printed component is not necessarily homogeneous which in some cases causes residual stresses and severe distortions in
the component [27, 28]. The microstructure may also affect the strength of
the component, which is partially pinpointed in Paper V. This problem can

2.2. LASER POWDER BED FUSION
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Figure 2.4: Schematic of Laser Powder Bed Fusion process

be highly eliminated by performing the appropriate heat treatment procedure,
which relieves the residual stresses [29]. Although the microstructure can have
a signiﬁcant impact on the mechanical strength, studying the effects of the microstructure is out of the scope of this thesis. The other limitations of LPBF are
porosity and the surface roughness of the components. The effects of the latter
limitations on the mechanical strength of thin-wall components is investigated
in Paper V and explained in detail in the following sections.

2.2.1

Surface Roughness of LPBF Components

Poor surface ﬁnish is a common undesired issue of LPBF as-built components.
This is a more signiﬁcant issue in Electron Beam Melting (EBM) method since
the powder is initially sintered at elevated temperature and the size distribution
of powder particles as well as layer height are more signiﬁcant as compared
to LPBF [30]. Many parameters such as size distribution of powder particles,
the energy density of heat source, the layer height thickness, and the geometry
of the component may affect the surface roughness. Calignano et al. studied
the effect of process parameters on surface roughness of SLM parts [31]. Besides, up-skin or down-skin side of a feature, as well as the angle of that feature
relative to the build direction, has an impact on the surface quality [32, 33].
Although the complexity of the surface can be potentially beneﬁcial in spe-
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Figure 2.5: a) 3D reconstructed volume of a thin-wall structure b) surface obtained from
CT c) schematic of surface obtained from lin-of-sight method d) surface obtained from
tactile method

ciﬁc cases such as increased heat transfer due to the increased surface area,
it is normally considered as a disadvantage. There are research studies which
have shown that the tensile strength or fatigue performance of AM parts can
be inﬂuenced by the AM surfaces [34, 35, 36]. This issue can be eliminated
or minimized using electrochemical polishing and chemical etching as well as
mechanical post-processing such as shot peening or blasting [37, 33, 31, 38].
However, these methods are not effective or possible in many cases where the
surfaces are not accessible for example in parts with internal features such as
long conformal cooling channels or periodic cellular (lattice) structures used as
inﬁll pattern of lightweight components.
Another critical issue regarding AM surfaces is how to investigate and present
them quantitatively. There are many studies which have used Coordinate Measuring Machine (CMM) for evaluating and measuring AM surfaces [39, 40].
Due to the complexity of these surfaces, such as size and shape of features
at the peaks or deep valleys, even using the smallest CMM probes cannot result in a correct acquisition of surface information. Also, there are numerous
studies which have used non-contact optical methods such as focus variation
microscopy and optical proﬁlometry which are also inappropriate methods for
detailed surface characterization of AM surface since the sub-surface cavities
(re-entrant features) and valleys cannot be captured using these line of site
methods [41, 42, 38]. Figure 2.5 a shows a 3D reconstructed volume of a thinwall structure. Figure 2.5 b shows the surface obtained form CT for a selected
cross-section. Figure 2.5 d and c schematically show illustrates how the contact
and line of sight methods do not provide the true information of an AM surfaces and can lead to wrong information when the surface details are essential.
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Apart from the studies in which the inappropriate tools for surface characterization are used, there are other studies where CT has been used for this
purpose. However, despite using CT for surface investigations, insufﬁcient CT
resolution (voxel size) was used which does not lead to resolving the surface features which are in smaller size range as compared to the used resolution [43].
Therefore, the investigations in Paper III were performed to present how CT
resolution can affect the measurement of surface features and which resolution
should be used for resolving these micro-scale surface features.
There are other studies which have used CT for surface characterization,
but inappropriate surface parameters such as "amplitude parameters" (Ra, Sa)
were used to present the surface roughness [44, 45, 39]. Ra, speciﬁcally cannot reveal and present useful information of an AM complex surface since in
an AM surface proﬁle, usually, more than one height value for each length
value exists. Although this has been concluded in many studies, since these parameters are historically very well accepted and used in the industry, they are
still used in various research studies. To overcome the limitation of Ra in their
studies, either the topmost values or the lowermost values among the multiple
height values are used, which is a selective method and ﬁlters out the surface information. Figure 2.5 b shows the surface line of an AM surface obtained from
CT data and how Ra is not useful due to multiple height values in the proﬁle. The "Hybrid parameters" and "3D volume parameters" are recently being
used for presenting the surface roughness of AM surfaces which do not have the
mentioned limitations of the amplitude parameters and provide detailed information of an AM complex surface when the mesoscale mechanical response of
miniature components is of interest. In Paper VI, 3D volume parameters (Vmp,
Vmc, Vvc and Vvv) based on ISO 25178-2:2012 in combination with material
ratio curves are used to investigate and characterize the surfaces of AlSi10Mg
and Ti6Al4V thin-wall components [46]. Vmp is material volume in the hill
region, Vmc is material volume within the core, Vvc is void volume within the
core and Vvv is void volume below the core. Further details of how these parameters, in combination with their corresponding material ratio curves, were
used to reﬂect AM surfaces, can be found in Section 2.5.

2.2.2

Porosity in LPBF Components

Due to layer by layer deposition principle and the dynamics of the melt pool,
having lack-of-fusion defects or gas pores is an inevitable phenomenon in LPBF
method. By optimizing the process parameters of powder bed methods, the
porosity content can be minimized, and very high-density parts are achieved
[47, 48]. However, the presence of pores, especially in components with miniature features such as struts or thin walls, can potentially affect the mechanical
response of the part [49]. The porosity issue can be eliminated to a large extent by using Hot Isostatic Pressing (HIP) post-treatment, which improves the
high cycle fatigue performance of AM components [36]. In HIP high pressure
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Figure 2.6: Pores in a thin-wall specimen

in combination with elevated temperatures are used to minimize the size of the
pores. Despite the capability of HIP process for eliminating the porosity issue,
knowing the size of pores, as well as their distribution, especially in a thin-wall
or strut component of cellular structure, is essential. The importance of porosity analysis for cellular structures is shown in Figure 2.6. A relatively large pore
in a thin-wall component where the diameter of the pore is nearly one third of
the wall thickness can be seen. This causes a large local stress concentration,
which has a signiﬁcant impact on the mechanical response of this feature. A
detailed porosity analysis on the thin-wall components is presented in Paper V
and IV.

2.3. FUSED DEPOSITION MODELLING
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Fused Deposition Modelling

Fused Deposition Modelling (FDM) also known as Fused Filament Fabrication (FFF) is an extrusion-based AM method. FDM was initially developed and
used for prototyping applications. However, nowadays, many structural components are manufactured using this method, and different branches of science
and engineering have beneﬁted from it [50, 8]. FDM is probably the most common AM method worldwide, due to the low cost and availability of both the
raw material and printers. Low maintenance cost and ease of operating the machines as well as open-source software are other reasons of FDM’s popularity.
The process is based on extruding the semi-molten material using a nozzle and
depositing it on the paths which are created from the slicing of the CAD geometry. The material is pushed into the nozzle using a feeding system before it
enters to the liqueﬁer. The nozzle can move in the plane parallel to the build
plate for depositing the material in the plane obtained from sliced CAD data.
The build plate is moved in the height direction in order to make it possible to
deposit the subsequent layer on the layer which is already printed. This process
is continued until the ﬁnal part is fabricated. Figure 2.7 shows a schematic illustration of FDM method. There are two commonly available materials used in
FDM, Acrylonitrile Butadiene Styrene (ABS) and polylactic acid (PLA) which
the latter used in this thesis. The part accuracy, mechanical strength, and its
relation to the build direction of FDM components are studied in various research works [51, 52, 53]. Process parameter optimization studies were carried
out to improve the precision of FDM parts [54, 52]. However, the link between
the mechanical strength and the internal structure was not reﬂected in details.
Therefore, an in-depth CT investigation of the internal structure and the bond
quality of extruded ﬁlaments in an FDM part and their impact on the mechanical strength of the part was studied in Paper II.
Filament

Liqueer

Build plate
Feeding
system

Figure 2.7: Schematic illustration of Fused Deposition Modelling method.
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X-ray Computed Tomography (CT)

X-ray Computed Tomography (CT) is a non-destructive imaging method for
evaluation and inspection of objects. The method is based on the ability of
X-rays to penetrate the object in order to generate radiographic projections
resulted from the attenuated X-rays which have passed through the object.
Initially, 2D X-ray radiographic images were used for medical applications.
However, In the 1970s, the ﬁrst medical CT equipment was available due to
developments of 3D CT done by the Nobel prize winners, Allan McLeod Cromac and Newbold Hounsﬁeld. Due to low resolution and insufﬁcient accuracy
of the method, it was not widely used for industrial applications.
With the improvements in both hardware and software in the last twenty
years, CT systems with high capabilities have become available for industrial
applications. The current CT systems are used for various purposes ranging
from inspection of internal structures to dimensional accuracy of industrial
components or even in-line quality controls in food industry [55, 56, 57]. The
beneﬁt of CT compared to the conventional metrological methods for examples CMM is that the number of features to be measured does not affect the
measuring time with CT [58]. In addition, using CT, it is possible to nondestructively obtain the geometrical information of the internal features of a
component which is not possible to be obtained with other measuring systems
[59, 60, 61, 62].

2.4.1

CT Procedure

The procedure of obtaining measurement result using CT, on the contrary to
many other measuring or inspection tools, consists of multiple essential steps.
The appropriate selection of parameters in each step requires a deep understanding of how this method works. Therefore, this section provides a general
overview of the steps and inﬂuential parameters involved with using CT. The
steps and associated parameters start with the generation of X-ray in the tube
and end with the measurement performed on the acquired 3D volume. This
background knowledge is essential for a better understanding of the possible
sources of errors and reliability of the measurements.
X-rays, electromagnetic waves with wavelengths in a range between 0.01
and 10, nm are generated in an X-ray tube. This is done by bombarding the
target (anode) by electrons as a result of acceleration voltage generated between cathode and anode in the tube. The main part of the acceleration energy is transferred to heat, and nearly one percent of it is converted into Xrays. The result of the mentioned interaction is a polychromatic X-ray beam
which consists of photons with various energy levels. This is due to the fact
that the X-ray spectrum is the combination of different radiations which are
the "Bremsstrahlung" (braking) radiation, the characteristic radiation and the
photons which are the result of accelerated electrons with the nucleus of tar-
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Figure 2.8: X-ray spectra with various energy levels and ﬁlter thicknesses.

get’s atoms interaction. The polychromatic beam, which is used in nearly all
lab CT systems is one of the main limitations of such systems compared to
the monochromatic beams used in synchrotron beamlines. The desired X-ray
spectrum can be achieved by changing the acceleration voltage, the tube current, and the proper selection of target material and ﬁlters. The acceleration
voltage, which is considered as the highest energy level of a spectrum deﬁnes
the ability of X-rays for penetration. In order to increases the ability of the
beam to pass through an object with a relatively larger thickness or a high
atomic number, a higher tube voltage should be selected. Increasing the acceleration voltage increases the intensity of a spectrum as well. The tube current,
on the other hand, only decides the quantity or the intensity of the beam. In
other words, increasing the tube current only increases the photon count and
not X-rays with higher penetration ability. Choosing proper ﬁlter material and
thickness can also change the generated spectrum by ﬁltering out the low-level
energy rays (Bremsstrahlung) of the spectrum. Finally, since the energy level of
characteristic X-ray peaks in a spectrum is the function of the target material,
the proper selection of target is vital for obtaining the beam with the desired
X-ray spectrum. Figure 2.8 shows different spectra depending on different tube
voltages and ﬁlters calculated for a tungsten target generated using SpekCalc
[63].
The generated X-rays then interacts with the object to be scanned. A part
of X-rays is absorbed due to the photoelectric effect with the absorption being
proportional to the atomic number of the material to be scanned. Another part
of the generated photons interact with the electrons of the atoms, and if the
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Figure 2.9: Schematic of CT components and process.

energy of the photon is considerably higher than the electron binding energy,
they scatter. In this case, which is called Compton scattering, the photon loses
a part of its energy, which changes its wavelength and possibly the travel direction as it scatters. Thomson scattering is another phenomenon very similar
to Compton scattering with the main difference that the energy level of the
photon interacting with the atomic electron and the scattered photoelectron
remains the same. The attenuation coefﬁcient of a material is the sum of the
above-mentioned phenomena and a key parameter for calculating the total attenuation of X-ray interacting with that material. For a homogeneous object,
the total attenuation is calculated using the Beer-Lambert law:
I(x) = I0 e−μx
where the I0 is the intensity of X-rays before the interaction, I is the intensity after the interaction, μ is the coefﬁcient of attenuation and x is the distance
that X-ray has traveled in the object. The attenuated beam then is converted to
visible light after interacting with the scintillating material, usually deposited
on the detector sensor. The detector then converts the light to its corresponding
electric signal in each pixel. The received signals in the pixels generate a projection of the object, which contains the information of the attenuated rays after
interacting with the object. In order to generate a CT dataset, multiple projections should be acquired by rotating the object in a stepwise angular range. The
number of projections is decided based on the number of horizontal pixels of
the detector used in the ﬁeld of view. Figure 2.9 below shows a schematic of
CT components and process.
The obtained projections, as well as distance of the object (center of rotation) in relation to the detector and the focal spot plus the cone-beam angle,
are needed in order to reconstruct a dataset using the commonly used reconstruction algorithm, Filtered Back Projection (FBP) [64]. A set of ﬁlters can be
used in this step for minimizing the noise related to the method and provide
a better representation of the data. Although FBP is the most common reconstruction method in CT, it is a 2D reconstruction method and cannot be used
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Figure 2.10: a) A cross-section of reconstructed volume containg material and background (air) gray values b) Histogram, material and background peaks and ISO50
threshold c) Close-up of the cross-section d) ISO lines as the result of surface determinataion with sub-voxeling.

for a cone-beam, which is the typical type of beam in industrial CT machines.
Therefore, "Feldkamp, Davis and Kress" (FDK) reconstruction algorithm, an
advancement to the FBP for 3D reconstruction is used which accounts for the
conical shape of the beam by splitting the cone-beam to multiple 2D fan beams
and accounting for their effect on every horizontal detector lines. The result of
this process is a reconstructed volume consisting of volumetric pixels (voxels)
which contain the information of the scanned object in the form of gray values.
Figure 2.10 a shows an example of a cross-section from a 3D reconstructed
volume in form of gray values. The information of 3D volume can be presented
in the form of a dataset containing the number of voxels with particular gray
value and can be illustrated using a histogram as shown in Figure 2.10 b.
The next step is data analysis process, which refers to a set of procedures
to obtain results from the reconstructed data. Various prepossessing methods,
including ﬁltration and smoothing of the dataset, can be used in this stage.
The volume then needs to be segmented in order to separate different regions
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of it, for example, in a simpliﬁed case, air and the material. Threshold-based
segmentation methods are the conventional methods for separation of two or
more objects in a dataset based on their gray values. These methods are based
on deﬁning a threshold gray value of two peaks, usually air and the material.
If this threshold value is the mean value of the two peaks, it is called ISO 50
method, which is mainly used in this thesis. By using the sub-voxeling methods, for example, a local threshold to achieve higher resolutions compared to
the size of the voxel resulting in a smooth surface determination of two different materials. Figure 2.10 b shows an example of a histogram and how ISO50
segmentation method can separate material peak from the air peak. At this
stage, further dimensional analysis can be performed on the 3D volume. It is
possible to transfer the 3D volume data into other forms of geometrical information such as point clouds for further analysis, which is the method used in
Paper III.

2.4.2

Parameters Affecting the Measurements

There are CT parameters which can highly affect the measurement results of
a scan. By positioning the sample at different distances relative to the detector
and the source, the operator can decide the magniﬁcation and consequently, the
voxel size of the dataset. Magniﬁcation can be obtained by dividing "Source
to Detector Distance (SDD)" to the "Source to Object Distance (SOD)". A
larger ratio results in higher magniﬁcation and smaller voxel size and vice versa.
In industry, there might be limitations for having a small SOD usually due
to size limitation of the sample. Therefore, the sample should be scanned at
lower magniﬁcations, obtaining a dataset with large voxel size, which in turn
can impact the measurements. This phenomenon was the main motivation of
the studies performed in Paper III and IV, in which the effects of voxel size
on the measurement of porosity and surface features are studied. Figure 2.11
schematically illustrates how magniﬁcation can affect the projections.
The rest of this section provides a general overview of the parameters and
the error sources which may affect the measurement results obtained using CT.
The main reason for presenting this section is to emphasize on the fact that, the
main challenge for obtaining reliable measurement results is to have a decent
dataset, to begin with. Therefore, a series of steps should be appropriately followed, and proper settings should be selected. Therefore, one should be aware
of the consequences of each step and how each setting can impact the ﬁnal
results. In addition, there is no universal standard procedure to be followed
for different scans, and each individual scan requires its own unique settings
and analysis procedure. The factors affecting the measurements can be categorized into ﬁve main groups depending on their impact and the order of their
occurrence during a scan.
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Figure 2.11: Effect of CT magniﬁcation.

Limitations of the system: Some of the system’s limitations are physical,
such as the detector’s pixel size. The detector’s pixel size, the SOD and SDD
are the main parameters which determine the voxel size of a dataset. The focal
spot blurring, which is the result of an increase in the size of the focal spot size
due to the application of higher energy levels, is another source of error related
to the system. Instability of the tube voltage can lead to possible ﬂuctuations
of the focal spot, which has a similar blurring effect. The precision of the drive
system for positioning the rotary table can also highly impact the source to
sample distance, which is crucial for the reconstruction algorithm. The X-ray
spectrum and the fact that we use a range of X-ray energies on the contrary to
the synchrotron facilities results in a beam hardening artifact. Beam hardening
is referred to the phenomenon that the low energy part of the spectrum being
absorbed/highly attenuated at the very ﬁrst layer of the sample to be scanned.
Even the tilt of the detector, especially in custom-built industrial systems, can
highly affect the measurement results. The detector technology, its sensitivity,
and the scintillator material are other parameters which may affect the quality
of the data [65].
Data acquisition: The Data acquisition process starts with the selection of
energy settings and ﬁlters which decides the quality and penetration power of
the beam. Inappropriate selection of these parameters results in data which
is not reliable for further analysis. For example, selecting too low voltage results in poor penetration and consequently, the dataset will experience photon
starvation artifact. In many systems, it is possible to choose between different
targets such as Tungsten, Molybdenum, or Copper, which is another crucial
factor on the beam speciﬁcations. Tungsten is usually used for high absorbing
materials such as metals and Molybdenum or Copper for low absorbing materials such as plastics or soft tissues. The ﬂat ﬁeld correction is another essential
procedure which is performed for eliminating the effects of unstable or dead
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pixels and potential ring artifacts in the ﬁnal dataset. There are other parameters such as frame averaging and exposure time per projections which should
be wisely chosen. Depending on the texture of the material to be scanned and
the purpose of the scan, for example, if porosity is concerned or only external
geometrical data. Last but not least, "number of projections", which should
be selected based on the number of horizontal pixels used in the ﬁeld of view
should be chosen accordingly. An insufﬁcient number of projections results in
unreliable information in the areas of the dataset which are at the furthest distance from the center of rotation [66].
Reconstruction: The process of reconstructing 3D volume from the projections and the selected ﬁlters at this stage can play an important role in the quality of the dataset and the measurements. Usually, it is the operator who should
select the appropriate beam hardening correction level based on visual inspection of the slices. Based on the purpose of CT investigation, such as porosity
analysis or length measurement, the operator may also use various ﬁlters such
as smoothing, to improve the signal to noise ratio (SNR). It should be mentioned that the ﬁlters used at this stage can highly alter or eliminate micro-scale
features of a scan such as small pores or the texture of an AM surface. Depending on the reconstruction algorithm, it might be required to manually ﬁnd
the center of rotation or perform a post-alignment process on the projections.
Ring artifact, which is a common phenomenon caused due to the reconstructing algorithm, can also be minimized by the operator by choosing appropriate
correction setting. Finally, there might be higher levels of uncertainties in the
measurements performed on the 3D volume, which are acquired from the very
top and very bottom of the ﬁeled of view. This is due to the Feldkamp artifact
which itself is the result of the mathematical approximation done in Feldkamp
algorithm to account for the conical shape of the beam. Wrong input of the
cone angle as a result of inaccurate SOD value, can increase the effect of the
uncertainty in the results caused by this artifact.
Geometry, material and environment: The environment, geometry, material,
and even the surface roughness of the sample to be scanned, may all impact the
measurements [40]. The temperature ﬂuctuations during the scan can also impact the length measurements due to thermal expansion. That is why the metrological CT systems beneﬁt from temperature-controlled chambers. Besides, if
a high attenuating material such as metal in combination with low attenuating material should be scanned, scattering and metal artifacts may occur. The
effects of these artifacts can be minimized by using algorithms and methods
[67]. As an example of the impact of multi-material and geometry complexity,
scanning an electronic circuit-board which consist of different metallic materials and unfavorable geometrical aspect ratio is considerably more challenging than scanning a homogeneous precision ruby sphere with very low surface
roughness. The stability of the sample on the turntable during the scanning can
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also be categorized in this section. If a proper ﬁxture for keeping the sample
stable, during the whole scan is not used, motion blur artifact will be inevitable
[68]. Vibrations should also be avoided in order to minimize possible motion
blur artifact. Even though there are post-alignment methods to minimize this
artifact for small movements, it is recommended to use an appropriate method
to keep the sample ﬁxed during a scan.
Data analysis: In order to perform any measurement analysis on the 3D reconstructed volume, the materials should be segmented from each other. In a
simpliﬁed case a volume comprises of voxels with gray values, usually air and
the sample. There are various methods for separating or deﬁning a threshold
for separation of gray values such as Otsu [69]. As it was explained before, this
can be done automatically using a commonly used ISO 50 method; otherwise,
the operator can manually decide the threshold by deﬁning the range of gray
values associated with each material. A dataset with partially overlapped peaks
due to photon starvation artifact or low signal to noise ratio can be challenging
for surface determination since there are gray values which can belong to either
of the materials. In addition, the available software packages for data analysis,
beneﬁt from surface determination algorithms which improve the segmentation
by using sub-voxel accuracy [58]. As a result, the surface becomes smoother
compared to the segmentation methods without sub-voxeling as shown in Figure 2.10 d. Different software packages use their own proposed algorithms.
However, algorithms such as the "Marching Cube" have provided similar solutions before. There are more advanced algorithms for improving the surface
determination, such as iterative methods deﬁned as "local adaptive" in VGStudio MAX software, which highly improves the surface determination results.
This has great importance, for example, for surface determination of AM complex surfaces and consequently, the measurement results. The registration of
3D data volume against the CAD data for comparison of the as-designed and
the as-built component may also affect the measurements as will be pinpointed
in chapter 3.
Among the mentioned categories, the errors related to data acquisition and
data analysis stage are more operator-dependent as compared to the rest of
the error sources. The data acquisition and reconstruction can be ideally automated, for example, aRTist is a reliable simulation tool for proper selection
of energy settings as well as the optimal orientation of the sample for the scan
[70, 71]. However, the selection of other parameters, especially in data analysis stage requires an experimental knowledge of an operator since there is no
standard procedure for most of the mentioned parameters as each scan differs
from another one.
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Reliability of the CT Measurements

The main purpose of this section is to present the current methods used within
the ﬁeld of industrial CT to overcome or minimize the effect of CT errors in
order to increase the repeatability and reliability of the measurements. Different
approaches have been investigated and suggested in various research studies
[72, 73, 74, 75, 76]. These methods for improving the reliability of the CT
measurements can be divided into three groups:
In the ﬁrst group, the system can be calibrating by implementing the method
suggested in VDI/VDE 2630 part 1.3. With the help of reference objects, the
length measurement error, and the accuracy of the system can be obtained.
The problem with reference objects used for evaluating the accuracy of systems is that they are made of ideal geometries and materials with ideal radiographic properties to minimize CT artifacts. However, scanning objects which
have complex geometries or consist of high-attenuating materials or materials
causing scattering or severe beam hardening can restrict the applicability of the
obtained results.
In the second group, the system is calibrated for a speciﬁc setting by using
calibrated objects with known distance, scanned at the same magniﬁcation at
which the sample is going to be scanned. This method which was used in Paper
III, IVandVI minimizes the potential errors related to the inaccuracy of the
drive system and uncertainties associated to that.
In the third group, the dataset is calibrated using precision objects (or features on/in the sample), which are scanned with the sample in the same scan. It
is possible to drill micro-scale holes or put precision spheres on the sample and
use the distance between these features which is measured using another calibrated method such as CMM and use that data for calibration of the dataset.
In Paper I the distance between features manufactured in the test specimen
measured using CMM were used to calibrate the 3D volume and Paper II calibration spheres with distance measured using CMM was used for the same
purpose.
There are other methods for calculating 2D or 3D resolution of a CT system.
JIMA phantoms are set of line-pair phantoms for evaluating the resolution in
2D projections as well as calculating the focal spot size of a system [77]. QRM
GmbH provides 3D line pair phantoms which can be used for 3D resolution
evaluation of CT systems [78]. There are other lab-made reference objects for
evaluating the accuracy of a system which can be found in the literature [72].
Besides, in some cases, it is possible to compare the features (or distances
between features) of a sample with the data obtained from other measuring
methods. This is primarily a useful method when the features to be scanned
(or the sample) are tiny and high magniﬁcation is required; thus it is practically
impossible to ﬁt a reference object in the same scan. For example, in Paper
VI, the distances between selected spherical partially attached powder particles
measured using CT were compared with those of measured in the data obtained

2.5. EXPERIMENTS AND MATERIALS

25

Feature Dimension Feature Dimension Feature Dimension
(mm)
(mm)
(mm)
D1
10
D1-2
8
DI1-2
8
D2
4
D1-3
13
DI1-3
13
D3
2
D1-4
17
DI1-4
17
D4
1
D1-5
20
DI1-5
20
D5
0.5
D1-6
22
DI1-6
22
D6
0.25
D2-3
5
DI2-3
5
D2-4
9
DI2-4
9
DI1
10
D2-5
12
DI2-5
12
DI2
4
D2-6
14
DI2-6
14
DI3
2
D3-4
4
DI3-4
4
DI4
1
D3-5
7
DI3-5
7
DI5
0.5
D3-6
9
DI3-6
9
DI6
0.25
D4-5
3
DI4-5
3
D4-6
5
DI4-6
5
T
20
D5-6
2
DI5-6
2

Figure 2.12: CAD design, dimensions and features of the sample geometry used in Paper
I.

from SEM. The results of length measurements obtained from CT and SEM
were in good agreement. This is obviously not a scientiﬁc method of validation
or calibration of a dataset. However, it increases the reliability of the results
obtained from CT.

2.5

Experiments and Materials

In Paper I, a sample geometry was designed to evaluate the accuracy and limitations of an EOS M290 (LPBF method) for the fabrication of both internal
and external features. The geometry was made of Ti6Al4V powder provided
by EOS GmbH. A Mitutoyo CMM with 1 mm in diameter probe was used to
measure the distances between the external half-spheres. The part was scanned
using a Nikon XT H 225 system with tungsten target, tube voltage of 218 kV,
ﬁlament current of 80 μA and 720 projections. The distance between the largest
external features was used to calibrate the CT data in VGStudio Max 3.0. The
CAD design and the features of the test sample used in this study are shown in
Figure 2.12.
The specimens used in Paper II were manufactured using black PLA ﬁlament with 2.85 ±0.1mm in diameter using an Ultimaker2 FDM printer. The
material speciﬁcations can be found in [79]. The tensile specimens were manufactured according to the ISO 527 standard [80]. Further details of the specimens, including CAD design and the fabrication orientation in respect to tensile
load, are presented in Figure 2.13. All the manufacturing parameters except
the temperature remained identical for all the specimens. Different temperatures ranging from 180 °C to 260 °C with 10 °C increment were used resulting
in 9 sets of samples. Three samples of each temperature fabrication were manufactured for the tensile testing. 0.8 mm diameter extrusion nozzle, the layer
thickness of 0.1 mm, and inﬁll density of 100% was chosen for manufacturing
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of the specimens. The build plate temperature and the nozzle travel speed were
set to 60 °C and 70 mm/s respectively. A uniaxial tensile test was performed at
room temperature using an Instron 4458 instrument with a load cell of 300 kN
and at a speed of 1 mm/min. One out of three specimens of each manufacturing temperature was CT scanned using a Nikon XT H 225 micro-computed
tomography system. The voltage and amperage of the tube were 80 kV, 81 μA.
1080 projections with an exposure time of 1 second, resulting in a dataset with
voxel size of 15.9 μm was used. The post-processing was done using VGStudio
MAX 3.0.
A set of 35 mm tall specimens made of AlSi10Mg (Al) and Ti6Al4V (Ti) provided by (EOS GmbH Germany) were manufactured using LPBF which were
used in Paper III, IVandVI. The details of chemical composition and mechanical properties of mentioned materials are described elsewhere [81, 82]. Flat
thin-walls with thicknesses of 0.4 mm, 0.8 mm, 1.2 mm, 1.6 mm and 2 mm
were fabricated. A 0.4mm thin cylinder surrounding the walls was used in order
to keep the surfaces of interest untouched and avoid potential distortion of the
specimens caused by residual stresses. Both AlSi10Mg and Ti6Al4V specimens
were fabricated using 30 μm powder layer height using an EOS M290 [83]. The
rest of the parameters were locked for this machine, and it was not possible to
change them. Figure 2.15 presents the powder particle size distributions for Al
and Ti. The CAD geometries of the specimens and their corresponding thicknesses are shown in Figure 2.14. The specimen made of Al with wall thickness
of 1.2 mm was scanned using an XRADIA XRM 410 system with a tungsten
target at four different magniﬁcations resulting in datasets with 4.8 μm, 7 μm,
14 μm and 21 μm voxel sizes. The ﬁrst three datasets were used in Paper III and
the last three were used in Paper IV. A 4 by 4 mm region at the center of each
specimen at the same height in Al and Ti specimens was scanned using 4.8 μm

Figure 2.13: a) CAD design and orientation of the specimens used in Paper II. The
dashed box shows the CT scanned region and schematic of b) longitudinal and c) transverse inﬁll ﬁlaments.
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Figure 2.14: CAD design and dimensions of the specimens in mm.

voxel size which was used for surface characterization analysis performed in
Paper VI. 80 kV, 125 μA and 1600 projections were used for this scan. The
analyses, including the surface determination and other measurements, were
performed using the commercially available software VGStudio MAX 3.0.
In Paper VI, the following method was used for measuring the 3D volume
parameters (Vmp, Vmc, Vvc, and Vvv). Initially, the surface region, which is
deﬁned as the region between the highest peak and deepest valley of the surface,
was selected in each specimen. The surface region was then divided into 1 μm
thick slices, where the normal of all the slices is parallel to the normal of the
surface. Using VGStudio MAX 3.0, the area of each slice was calculated and
used for generating the areal material ratio curve of each specimen’s surface
region. The 3D volume parameters (Vmp, Vmc, Vvc, and Vvv) described in the
ISO 25178-2:2012 were calculated from the areal material ratio with the help
of an in-house generated MATLAB code. A schematic illustration of a surface
region and how surface features and the 3D volume parameters correspond to
the material ratio curve are shown in Figure 2.16.
As mentioned previously, the surface-based periodic cellular structures are
manufactured for lightweight applications. The designed thickness of the walls
used in these structures may vary between 400 to 4000 μm depending on the
geometry and application. The geometrical deviation of as-designed versus asbuilt geometries due to the surface texture of the thin walls may affect the
structural response of them, resulting in not fulﬁlling the strength requirement
of the component. Varying the designed thickness of thin walls can potentially
inﬂuence the microstructure, which may affect the mechanical strength. However, the details of microstructure study as well as a statistical approach for
calculating surface region of specimens are not explained in this thesis and can
be found in Paper V. In the studies performed in Paper V, six ﬂat AlSi10Mg
tensile specimens with thicknesses of 0.4, 0.5, 0.7, 1.0, 2.0 and 4.0 mm were
manufactured. An EOS M290 Laser Powder Bed Fusion (LPBF) machine with
built layer height thickness of 30 μm was used for this purpose. The design
and dimensions of the specimens and their build direction are shown in Figure
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Figure 2.15: Powder particle size distributions of AlSi10Mg (top) and Ti6Al4V (bottom).
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Figure 2.16: Schematic of surface region (left) and the corresponding material ratio curve
and 3D volume parameters (right).

2.17. One set of the specimens were heat-treated according to the speciﬁcation
deﬁned in [82]. Another set was used in as-built state without performing any
post-processing. Uniaxial tensile tests were conducted at ambient room temperature using an MTS Sintech 20D with a 100 kN load cell in accordance with
ISO 6892-1: 2016 [84]. The thicknesses of specimens were initially measured
using micrometer in order to be used for a more accurate calculation of the tensile strength of them. Several measurements were performed at the gauge length
of each specimen, and the mean values of width and thickness were recorded.
CT analysis using a Bruker Skyscan 1272 was performed on a section of each
specimen from both as-built and heat-treated sets. The CT parameters used for
the CT scans were not identical for all the specimens since the thickness of the

Figure 2.17: CAD design and dimensions (in mm) of the specimens used in Paper V.
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scanned samples were not the same. However, all the specimens were scanned
using the same voxel size. A section from each dataset was used for further
surface and defect analysis using VGStudio Max3. The defect analysis was performed on the scanned samples in order to account for the potential effects of
defects on the strength of the thin wall structures.

Chapter 3

Results of using CT in AM
In this chapter, the results of using CT for assessment of AM components are
presented. The chapter starts with a general overview of using CT for dimensional measurements and follows with other applications such as strength evaluation and surface roughness investigation. In each section, there are discussions regarding how CT, in combination with other experiments, has resulted
in information for the development of AM components or better design of
them. The following subsections of this chapter mainly present CT analysis
performed on internal geometry, porosity, and surface roughness, which have
been used in the publications of this thesis.

3.1

CT for Dimensional Measurements

In this thesis work, CT has been used as an inspection tool for investigation
of AM parts mainly for assessment of micro-scale internal features and AM
surfaces. However, CT can be used for the geometrical inspection, and dimensional measurement of an AM part. Comparison of the CAD design and the
as-built geometry of an AlSi10Mg AM part, as shown in Figure 3.1 a, is an example of geometrical inspection. The result of actual to nominal comparison of
the component is illustrated in Figure 3.1 c. The relatively high geometrical deviation due to residual stresses at the free ends of the component is clear at the
free end of the component. Also, the micro-scale deviations due to the rough
surface are visible in the ﬁgure. Due to insufﬁcient CT resolution for investigating AM surfaces in this dataset, further in-depth analysis on the dependency
of AM surfaces on the design thickness of thin-wall structures is presented in
chapter 3.4.

3.1.1

Dimensional Assessment of Internal Features

The result of CMM measurement performed on the external features of the
test sample showed some deviation from the CAD design measurements. The
31
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Figure 3.1: a) CAD design of an AM component b) Reconstructed 3D volume obtained
from CT and c) The geometrical deviations due to residual stresses and the surface
roughness.

distance measurements between the external half-spheres showed reasonably
low (less than 1%) deviation from the CAD data. However, the measurement
of diameters showed larger deviations, which were increased by decreasing the
designed diameters of the half-sphere. The deviation of CMM diameter measurements form the CAD values for D1, D2, and D3 were 2.2, 3, and 10%
respectively. This shows the effect of surface roughness, which impacts the diameter measurements, but it has a minor impact on the center to center measurements.
The deviation between the results obtained from the calibrated CT data and
the CMM was in nearly the same range as the deviations between the results
obtained from CAD and the CMM. This means that the CT measurements were
in good agreement with the CAD designed measurements. However, this was
not true for the features with diameters equal and less than 1mm. The reason is
that the capability of the LPBF method for accurately generating those features
drops signiﬁcantly due to the surface roughness. The 4%, 13% and 39% CT
versus CAD deviation of DI4, DI5, and DI6 respectively conﬁrms this ﬁnding.
A very low deviation between CT and CAD for the center to center measurements, on the other hand, the method is well capable of generating the features
in the designed place accurately. The results of this study are valid for this test
sample with the mentioned geometry, material, and the build orientation.

3.2

CT for Strength Evaluation of AM Components

In the following subsections, the CT is mainly used for assessing the mesoscale
geometrical features of AM components to reﬂect their impact on the strength
performance of them under mechanical loads.
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Table 3.1: Uniaxial tensile test results of FDM specimens.

Fabrication
temperature
(°C)
180
190
200
210
220
230
240
250
260

3.2.1

Tensile
strength
(MPa)
25.77±0.5
24.29±0.7
29.93±1.7
31.74±1.0
33.49±0.7
34.15±1.3
34.69±0.4
37.38±0.4
37.79±2.0

Young’s
modulus
(GPa)
2.25±0.0
2.21±0.1
2.75±0.1
2.77±0.1
2.95±0.1
2.81±0.1
2.86±0.0
2.93±0.1
3.05±0.1

Strain
at break
(%)
3.06±0.0
3.07±0.5
3.56±0.4
3.23±1.1
2.93±0.3
2.89±0.4
2.40±0.4
2.33±0.1
2.20±0.1

Mechanical Strength of FDM Components

This section presents the results obtained in Paper II which deals with the application of CT for investigating the mechanical strength of parts manufactured
using FDM. The design, material, and experimental work were explained in
chapter 2.5. The main interest for investigating the internal geometry of the
FDM specimens was to correlate the mechanical strength of the parts with their
internal geometry, which was caused by the manufacturing process. The result
of the uniaxial tensile test showed the temperature dependence of the tensile
strength as is presented in Table 3.1. The Young’s modulus and percentage of
elongations were also affected by the fabrication temperature.
Using CT, the total volume of the specimens and consequently, the weight of
them were obtained. The results of weight measurements using CT data showed
the same trend as compared with the data obtained from the scale. A considerably poor external dimensional accuracy was observed in as-built geometry
of specimens fabricated at a lower range of fabrication temperatures, such as
180 °C and 190 °C. Figure 3.2 a, b, and c show the CT reconstructed geometry
of specimens at scanned regions fabricated at 180, 220 and 260 °C respectively,
in which the difference in quality of prints depending on the fabrication temperature is shown.
The same phenomenon could be observed by looking at the internal geometry of specimens. Figures 3.3 and 3.4 show the quality of the bond between
ﬁlaments as well as air gaps. In the specimens fabricated at the lower temperatures, bigger airgaps were observed due to improper deposition of the ﬁlaments,
which conﬁrms the weight measurement results. The extruded ﬁlaments bonds
are weaker for the specimens fabricated at lower the temperatures. However,
increasing the fabrication temperature improves the bond by and considerably
decreases the airgaps.
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The porosity analysis showed that fabrication temperature highly inﬂuences
the porosity in FDM parts. It was observed that the porosity increases linearly
by decreasing the fabrication temperature in a way that an increase in the fabrication temperature from 180 °C to 260 °C decreases the porosity by six times.
The results also showed that no considerable change in porosity occurs for the
fabrication temperature above 240 °C.
In order to consider the effects of the internal geometry of the specimens on
their mechanical strength, the strength values were recalculated based on porosity (weight). The new strength values (speciﬁc strength) experienced improvement compared to the values obtained directly from the tensile test. However,
the porosity could not fully explain the discrepancy of the obtained strength results. Therefore, a more in-depth approach by selecting minimum cross-sectional
areas with the help of the CT data was used for recalculation of the ultimate
tensile strength results. The area of minimum cross-sections was selected at regions with highest local porosity, which in fact are the regions where the local
stresses are maximum. The strength recalculation showed a considerable improvement compared to the recalculation performed using the porosity as is
presented in Figure 3.5. This means that porosity is not necessarily the only parameter affecting the strength, and the specimens were experiencing relatively
high local stresses due to their internal geometry.
The CT investigations provided further information which helped to explain the other differences in the mechanical strength of the FDM parts, for
example, the higher percentage elongation and lower Young’s modulus of the
specimens fabricated at the lower temperatures. Firstly, signiﬁcantly smaller
width of transverse extruded ﬁlaments deposited at the lower temperatures due
to inconsistent deposition resulted in lack of fusion and consequently lower mechanical strength. Secondly, the bonds at turns were weak, especially with the
adjacent turns and the contour ﬁlaments (walls), causing the specimens to act
as a spring thus considerably higher percentage elongation and lower Young’s
modulus.

Figure 3.2: CT reconstructed geometry of scanned regions for specimens fabricated at
a) 180 °C, b) 220 °C, c) 260 °C.
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Figure 3.3: Cross-sectional areas of specimens fabricated at 180 °C, 220 °C and 260 °C
at a), b) and c) XY plane and d), e) and f) XZ plane.

Finally, the inhomogeneous deposition resulting in various local density in
each specimen regardless of the fabrication temperature shows that 100% inﬁll
is not reachable as a result of this manufacturing process. Therefore, further
research and development are required to improve the quality of deposition to
achieve the desired mechanical properties. The application of controlled local
density by varying, for example, nozzle temperature or travel speed, on the
other hand, can open up the possibility of manufacturing parts with tailored
local strengths or controlled anisotropy.
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Figure 3.4: Bond quality of transverse ﬁlaments for specimens fabricated at a)180 °C to
i)260 °C respectively (top XY plane and bottom YZ plane).
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Figure 3.5: Speciﬁc strength values calculated based on CT results.

3.2.2

Mechanical Strength of LPBF Thin Walls

This section mainly presents the results obtained in Paper V in which the thickness dependency of AlSi10Mg thin wall structures was investigated. Initially,
the micrometer thickness measurement results showed that all the measured
thicknesses were larger than as-designed. It was also clear that the deviation
between as-built and CAD designs signiﬁcantly increases by decreasing the designed thickness of the specimens. For example, the 0.4 mm thick specimens
were on average 60% thicker than the intended CAD designed 0.4 mm while
the specimens designed to be 4.0 mm were on average only 3.4% thicker than
their CAD designed thickness. The deviation for 0.5, 0.7, 1.0, and 2.0 mm specimens were respectively on average 39.2, 29.6, 19, and 7.3%, which shows a
considerable decrease.
The results of the uniaxial tensile test showing the UTS of both as-built
and heat-treated specimens is presented in Figure 3.6. The results are based
on the measured area obtained from micrometer measurements, which show a
remarkable thickness dependency. While the specimens with the thicknesses of
2mm and 4 mm show nearly the same UTS, the thinner specimens had signiﬁcantly lower tensile strengths. A signiﬁcant difference between the obtained values of this study and the material’s speciﬁcations, claimed by the manufacturer.
The microstructure analysis did not show any considerable effect of thickness
variation. For example, all the as-built specimens had hardness values around
125 HV, and all the heat-treated specimens had a hardness of around 80 HV.
Therefore, it was assumed that microstructure could not be the cause of lower
UTS of the thinner specimens and further investigation on internal defects and
surface morphology was done with the help of CT.
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Figure 3.6: Ultimate Tensile Strength of the specimens.

The results of surface morphology analysis using CT provided detailed information about the surface region of specimens. The maximum and minimum
thickness of each specimen by measuring the distance between the highest peaks
and lowest valleys at the scanned region revealed a more accurate load bearing area of each specimen. The results of CT thickness measurements are provided in Figure 3.7 in which the error bars show the absolute maximum and
minimum measured thickness. As it is shown, the maximum thickness measurements results are in good agreement with the results obtained from the
micrometer measurement. The small difference in the obtained values from the
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Figure 3.7: CT results of maximum and minimum thicknesses measurements.
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two different methods can be the result of a relatively larger measured area
when the micrometer is used.
Another important ﬁnding is that the average thickness of all the specimens
regardless of their designed thickness has a negative deviation between 10 to
15% from their corresponding designed thicknesses. Finally, the most critical
ﬁnding using CT is the negative thickness deviations, which are highly inﬂuenced by the changing of the designed thickness. As the designed thickness
decreases, the measured absolute minimum thickness signiﬁcantly increases so
that for the 0.4 mm specimen 79% negative deviation was observed. This
means that in 0.4 mm specimens there are regions at which the thickness
is around 80 μm while for the 4.0 mm specimen the smallest thickness was
around 3500 μm. The results of thickness measurement using CT proved that
the geometrical inaccuracy of the specimens mainly due to the surface morphology which can be resolved only with the help of CT could be potentially the
reason for the discrepancy of tensile strength results. Therefore, using the average thickness values, the new load-bearing area of each sample was calculated
and used for recalculation of the tensile test results, as shown in Figure 3.8.
The newly obtained results show an increase in UTS values. However, the UTS
values of specimens with thicknesses less than 2 mm does not obtain the UTS
expected form this material.
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Figure 3.8: Updated graph of tensile test recalculated with the average thicknesses of the
corresponding specimen obtained from CT.

In order to explain the differences in the recalculated UTS values, the internal defects of the samples were also investigated for their potential effect on the
mechanical strength. The results of the porosity analysis are provided in Figure
3.9. The defect analysis in the scanned regions showed that the porosity does
not change with a thickness variation of the specimens. All the specimens on
average, had around 99.98% material content. It was also observed that the av-
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erage diameter of the ten largest pores in all specimens is in range of 60 to 100
μm. The largest pores of the thicker specimens were relatively larger than those
of thinner specimens which can be explained by their larger scanned volumes.
The sphericity of pores was higher in the thinner samples, and a considerable
number of large pores was observed at the subsurface of the thicker specimens.
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Figure 3.9: The diameter of the 10 largest pores and porosity obtained from CT.

From the obtained results, it can be concluded that the porosity cannot be
the inﬂuential parameter affecting the strength results. However, considering
the very small thickness of thinner specimens at some sections and the size range
of the large pores, it can be concluded that high local stress concentration as a
result of deep valleys at surface and porosity have led to premature failure of
specimens with a thickness of 1 mm and below.

3.3

Effects of CT Magniﬁcation

This section mainly focuses on the effect of CT magniﬁcation as one of the
inﬂuential CT parameters, on the measurements obtained from CT data. The
results of magniﬁcation variation on the surface morphology and porosity of
an Al10SiMg test sample which is provided in Paper III and IV respectively are
presented here. The main motivation of investigating such a parameter comes
from the industrial need for non-destructive inspection of large components for
quality assurance. The size of components becomes a limiting issue for inspection of parts using higher resolutions. Therefore, it is crucial to know how and
up to which extent the magniﬁcation and consequently, the achieved resolution could affect the analysis results. The specimen with 1.2 mm wall thickness
shown in Figure 2.14 was CT scanned at three different magniﬁcations, and
the result was datasets with 7, 14 and 21 μm voxel sizes. All the other CT
parameters, including the data acquisition settings and segmentation (ISO 50)
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were identical except the voxel size in order to investigate only the effect of
magniﬁcation.
The qualitative comparison of surface features from the three different datasets
is shown in Figure 3.10. As it is illustrated, the voxel size has a signiﬁcant inﬂuence on the obtained surface texture of reconstructed volumes. The volume
made of larger voxel size lacks the surface feature details, for example, the
partially attached powder particles which can be observed in the volume with
smaller voxel size. A better illustration of how a peak or a deep indent would
be segmented in different volumes is illustrated in Figure 3.11.

Figure 3.10: a), b) and c) 3D reconstructed CT volumes, displaying the surface of the
specimen obtained from the dataset with voxel sizes of 7, 14, and 21 m respectively d),
e) and f) A selected region showing more details from the dataset with voxel sizes of 7,
14, and 21 μm respectively.

The quantitative results of comparing the height and depth of the 20 highest
peaks and the 20 deepest valleys as a percentage of the surface region thickness
(presented in Figure 3.12 and Figure 3.13) show that the measurements are
highly dependant on the CT magniﬁcation. Considering the high magniﬁcation data set as the ground truth, the medium and low magniﬁcation datasets
measure equal or smaller values for peak measurements. In addition, the values obtained from the medium magniﬁcation scan, are between the measured
values from high and low magniﬁcation data sets for both peak and valley
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Figure 3.11: a), b), and c) A selected valley and resulting ISO surfaces obtained at high,
medium and low magniﬁcations respectively. d), e) and f) A selected peak and resulting
ISO surfaces obtained at high, medium and low magniﬁcations respectively.
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Figure 3.12: Measurement of peaks heights as the percentage of surface region thickness.
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Figure 3.13: Measurement of valleys depths as the percentage of surface region thickness.

measurements. However, the values at some valleys were closer to the values
of high magniﬁcation, and in other valleys, they were closer to the values of
low magniﬁcation. The values obtained from medium and low magniﬁcation
data sets underestimate the depth of valleys compared to values obtained from
the high magniﬁcation data set. A relatively larger deviation in values of valley measurements can be observed compared to peak measurement. Meaning
that the difference in peak measurements even between low and high magniﬁcation data sets was nearly the same while the values of valley measurements
obtained from low magniﬁcation data set were considerably lower than high
magniﬁcation values.
The maximum and minimum thicknesses of the AM thin-walled specimen,
which respectively are the result of the peak to peak and valley to valley measurements, showed a noticeable dependency on CT magniﬁcation. The maximum thickness value for medium and low magniﬁcation data sets were underestimated by 0.5% and 2% respectively. The minimum thickness values, on the
other hand, overestimated even at a more considerable level by measuring 8.5%
and 18.5% more than the measured value obtained from the high magniﬁcation data set. This means that the lower magniﬁcation scan underestimates both
peak and valley measurements and depth of valleys and re-entrant features were
underestimated at a more considerable level compared to the measurement of
peaks.
A similar phenomenon was observed after investigating the effects of CT
magniﬁcation on porosity measurements. Figure 3.14 shows the result of poros-

44

CHAPTER 3. RESULTS

Figure 3.14: Porosity obtained from the datasets with voxel size: a) 4.8 μm b) 7 μm and
c) 14 μm.

Figure 3.15: Total volume of pores in each batch detected using different scans.

ity analysis performed on the same volume using scan1, scan2, and scan3 with
respective voxel sizes of 4.8, 7, and 14 μm. Both the quality and quantity of
the measurement were inﬂuenced by the magniﬁcation. The number of resolved
pores in datasets obtained from scan1, scan2 and scan3 were 579, 229 and 28
respectively with 0.0230%, 0.0188% and 0.0041% porosity. In order to compare the results of different scans, the pores were categorized (based on their
volumes) in 4 batches. The ﬁve largest pores of scan one (reference scan) were
put in batch 1 (Large), the next 22 pores were put in batch2 (medium), the next
200 were put in batch 3 (small) and the rest in batch 4 (very small). The total
volume of each batch obtained from scan1, 2, and 3 are presented in Figure
3.15.
As it is shown in Figure 3.15, the measured volume of the pores in batch
one obtained from scan 1 and 2 are nearly the same while it is almost twice
the value obtained from scan3. The sum of the volume of pores in batch two
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Table 3.2: 3D volume parameters (μm) at p 10% and q 80%.

Al

Ti

Vmp
Vmc
Vvc
Vvv
Vmp
Vmc
Vvc
Vvv

0.4
2.92
36.15
69.42
3.04
1.94
25.39
51.29
1.33

0.8
2.5
37.15
65.43
4.46
1.85
28.51
56.14
1.74

1.2
1.96
26.82
43.89
4.02
2.02
24.20
48.50
1.61

1.6
2.43
33.01
56.61
5.01
1.77
24.08
46.63
1.56

2.0
2.55
27.28
50.39
4.03
1.68
25.94
45.76
1.64

obtained from scan3 is around 30% of the values obtained from scan1 and 2.
A similar pattern of nearly the same volume measurements in pores of batch3
obtained from scan1 and 2 can be observed while the scan3 fails to resolve
the pores in this batch. Finally, the volume of pores in the batch four could be
measured only using the data of scan1, and both scan2 and 3 were unable to
detect any pore. The main difference between the porosity results of scan one
and two was observed in batch4.
The CT magniﬁcation not only affects the porosity results and the pore
counts but also the morphological information of the pores. The morphological
analysis of the largest pore showed that the sphericity obtained from scan one,
two and three were 0.4, 0.46, and 0.6, respectively, which means that the lowest
magniﬁcation scan smooths out the morphology of the pore and provides false
information.

3.4

CT for Surface Roughness Determination

The in-depth surface roughness analysis of AlSi10Mg (Al) and Ti6Al4V (Ti)
thin-wall structures are presented in this section. The CT results obtained in
Paper VI revealed that the surface region in the Al specimens is larger than
those of corresponding specimens in the Ti batch. The qualitative observation
of the surfaces obtained from the CT showed that the accumulation of partially
melted powder particle could be the reason for this phenomenon. Considerably larger surface regions for Al specimens compared to their corresponding
specimen in the Ti was obtained after plotting the material ratio curves of the
specimens as presented in Figure 3.16. For a better comparison, the material
ratio curves are overlapped at the plane with the 50% aerial material ratio.
Comparing the Vmp and Vvv 3D volume parameters for Al and Ti specimens
as presented in Table 3.2 shows that all the Al specimens (except Al1.2) have
larger peak volumes as compared to their corresponding specimen in Ti batch.
The volume of valleys in all of the Al specimens was larger than their corresponding volume of valleys in the Ti batch.
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Looking at Figure 3.16 a, a very similar transition from 30% to 80% areal
material ratio can be observed for the 0.4 mm and 2.0 mm Al specimens. However, the peak volume of 0.4 mm Al specimen is relatively larger than that of
2.0 mm Al specimen. This is the opposite though for the valley volume of these
two specimens. In addition, the peak volume of 0.4 mm Al specimen is at a further distance from the 50% aerial material ratio plane as compared to the 2.0
mm Al specimen. For the valleys, the 2.0 mm Al specimen valley volumes are at
a further distance from the 50% aerial material ratio plane as compared to the
0.4 mm Al specimen. No speciﬁc transition in the material ratio curves of rest
of Al specimens (Al 0.8, Al 1.2 and Al 2.0) was observed. However, the 0.4 mm
and the 0.8 mm specimens had the largest peak volumes among the other, and
the thickest and the thicker specimens showed relatively larger valley volumes.
The same phenomenon of having large peak volume for thinner specimens and
large valley volume for thicker specimens with less intensity can be observed
for Ti specimen as it is shown in graph Figure 3.16 b. All the Ti specimens
showed very similar material ratio curves with nearly the same surface region
thickness providing better dimensional accuracy for Ti specimens as compared
to Al specimens.
Based on Figure 3.16 c, the peak height and peak volume of Al specimen
are considerably larger than that of Ti comparing the thinnest specimens of Al
and Ti. The volume of valleys is signiﬁcantly larger for 0.4 mm Al specimen as
compared to 0.4 mm Ti. The depth of valleys for Al specimen is at a further
distance from the 50% material ratio. Comparing the two thickest specimens
of different materials, as shown in Figure 3.16 d, the difference in volumes of
the peaks is very low. However, the volume of valleys for 2.0 mm Al specimen
though is still signiﬁcantly larger than 0.4 mm Ti, which is due to numerous
close to surface re-entrant features. The results of 3D volume parameters derived from the material ratio curves, which are presented in Table 3.2 conﬁrm
the above-explained discussions.
Based on the application of the surface analysis, other values of "p" and
"q" instead of (p10%) and (q80%) can be used. For example, depending on
the desired mechanical response of a surface-based cellular structure, the information of a larger volume of peak or valley is required. Therefore, the volume
parameters at p 30% and q 70% are calculated and presented in Table 3.3,
which can be useful for better design of surface-based cellular structures.
The larger peak volumes in both Ti and Al thinner specimens, which is
mainly due to the attachment of partially melted particles can be explained as
the result of various phenomena. Firstly, it should be considered that the primary heat dissipation in LPBF method occurs by conduction to the build plate
through the part itself. The smaller cross-sectional area of the thinner specimens as compared to the thicker specimens may change the heat conduction
scenario. It is assumed that the conduction in the thinner specimens becomes
two-dimensional while for thicker specimens due to the larger volume of material remains three dimensional. This can result in a heat accumulation state
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Figure 3.16: Comparison of material ratio curves overlapped at 50% areal material
ratio, a) Al0.4 and Al2.0; b) Ti0.4 and Ti2.0; c) Al0.4 and Ti0.4 and d) Ti2.0 and Al2.0.

Table 3.3: 3D volume parameters (μm) at p p 30% and q 70%.

Al

Ti

Vmp
Vmc
Vvc
Vvv
Vmp
Vmc
Vvc
Vvv

0.4
13.73
17.19
18.67
5.84
9.73
13.86
16.01
2.58

0.8
11.84
18.88
19.96
7.48
10.09
15.86
19.00
3.30

1.2
8.09
13.94
13.94
6.24
9.09
13.47
15.42
2.93

1.6
10.67
16.55
17.30
7.74
8.80
13.37
15.51
2.86

2.0
9.81
14.09
14.78
6.06
7.83
15.36
17.51
3.18
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in the thinner specimens, which provides enough energy for locally melting the
surrounding powder particles. The spherical morphology of these attached particles conﬁrms this hypothesis. Also, the possible difference in the energy density or scanning speed of laser for scanning a contour or the inﬁll may also be
the reason for this issue. Since all the process parameters except the layer height
were unknown for this study, more information is needed for concluding this
hypothesis.
The proposed method in this thesis for investigating the AM surface provided valuable information on the surface, which is essential for mechanical strength prediction of thin-wall components such as surface-based cellular
structures. The combination of material ratio curves and the 3D volume parameters do not only present the height of the surface region and its transition.
The volumetric information of the peaks (Vmp), as well as its distance from a
reference plane in the surface region (for example, 50% aerial material ratio),
provides the information about the portion of the surface which has less contribution to the mechanical strength. The same information can be obtained from
(Vvv) where the magnitude of this parameter as well as the depth of valleys can
help to estimate the mechanical response better.

Chapter 4

Summary
4.1

Concluding Remarks

In this thesis, CT has been used for quality assessment of components manufactured using AM. Despite all the capabilities of AM and the possibilities
that AM methods have brought, undesired imperfections associated with the
processes of fabrication were observed in AM components. Porosity of components is one of the limiting phenomena affecting the mechanical performance of
AM components. The mechanical strength of parts manufactured using FDM
has dependency on the porosity which was the result of the fabrication process. Porosity was found in the LPBF manufactured metallic thin-walls that are
the constituting component of surface-based periodic cellular structures. The
porosity in combination with the complex surface texture, the other limiting
phenomenon in the powder bed AM methods, had a considerable inﬂuence on
the mechanical performance of thin-wall structures. It was concluded that the
dimensional deviation between as-built and as-designed wall thicknesses will
be affected, depending on the designed thickness and the application of two
commonly available powder materials. Thus, the variation in design (thickness)
affects the as-built quality and consequently the mechanical response of these
structures. As the conclusion, the design of AM lightweight structures, with the
help of surface-based periodic cells, requires consideration of the mentioned
mesoscale surface-related imperfections.
AM is a relatively new method and needs yet further research and developments. These developments need to be performed differently in many aspects.
One cannot use the traditional CAD design systems since they are designed
based on the available manufacturing method of that time. In addition, the limitations and the challenges of AM are not considered in such design systems.
This issue is also valid for the tools that should be used for the evaluation of
components manufactured with AM. The traditional evaluation methods cannot be used for a thorough investigation of periodic cellular structures or the
surface texture of AM parts. Likewise, the same tools cannot be used for an
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in-depth characterization of AM surfaces. The traditional surface parameters
which are deﬁned based on the requirements and limitations of the manufacturing methods back in time, cannot fully reﬂect the complexity of AM surfaces.
The new surface complexity of AM requires a different way of looking at the
problem and deﬁning or using parameters which are capable of addressing and
presenting these limitations in more informative ways.
The results of these studies have shown that CT has high capabilities for
providing useful and reliable geometrical information of AM components, which
cannot be obtained using other inspection methods. Concerning the CT data,
a general conclusion is that the "quality of the CT data" is the crucial factor
that has signiﬁcant impact on the accuracy of the results, regardless of the parameter setting and the procedure used. Obtaining decent CT datasets is the
crucial step for using CT as a a measurement tool, while the lack of standard
procedures for data acquisition is still a challenge.
Regarding the AM surfaces, appropriate inspection tool, the right postprocessing analysis and right representing methods should be used. The proposed method in this thesis for investigating the AM surface has shown to be
capable of providing valuable information of the AM surfaces, when the mechanical strength of surface-based cellular structures is of concern. Moreover,
the mentioned information has to be considered in the design stage of cellular
structures so that a more accurate mechanical response of cellular structures be
estimated.

4.2

Future perspective

The future outlook in both ﬁelds of CT and AM seems promising. However, the
high cost of using AM for the fabrication of components may remain a challenge. With the help of developed in-situ monitoring systems on the one hand
and more advanced numerical simulations, on the other hand, the process parameter of the AM methods can be more accurately optimized. More advanced
AM design tools may need to be developed, such as CAD software packages
that are designed to account for the limitation of AM methods. The effects of
support structure, heat dissipation, residual stresses, microstructure, and consequently, the part quality and mechanical performance, can be optimized using
these tools.
Regarding the periodic cellular structures, in-situ mechanical tests, performed
in combination with high resolution CT, will provide more information about
the failure mechanism of these structures. Using the iterative reconstruction
methods and digital volume correlation (DVC) to perform fast scans for capturing the failure process (4D CT scanning) would provide even more detailed
knowledge about the mechanical performance of cellular structures. Modern
CT systems that use phase contrast method are capable of providing 3D crystallographic information of the sample to be scanned. These systems can con-

4.2. FUTURE PERSPECTIVE

51

tribute even more for a better investigation on the cellular structures’ mechanical strength.
With the rapid improvement in the ﬁeld of CT, especially in the hardware, a
signiﬁcant increase in the quality and reliability of the CT results is going to be
achieved. This increase is expected to happen by eliminating some of the error
sources. Two examples of advancements in the hardware development of CT
ﬁeld are the emergence of the new photon-counting detectors and the modern
liquid-metal-jet tubes (which currently are available in customized-built systems
and not the laboratory systems). The modern detectors, which have multiple
channels for simultaneous capturing of low and high energy projections, can
highly eliminate the challenges associated with the scanning of multi-material
parts. The improvements on the software side is another path to be taken,
especially the development of algorithms for minimizing CT artifacts.
A very currently non-realistic future perspective of using CT as a measurement tool is to beneﬁt from concepts such as "internet of things" (IOT). Various
CT scan results with different combinations of parameter settings, materials,
etc. can be stored in a comprehensive platform of CT data bank. With the help
of machine-learning algorithms, these data can be analyzed, and the patterns
of CT parameters’ effect can be thoroughly understood. These new solutions
can eventually reduce the effect of errors or uncertainties in the CT results by
minimizing the inﬂuences of human factors.
Finally, providing new CT standards, in which the expected requirements
of the CT experts from different ﬁelds has been met, is essential for a more
widespread and reliable applications of CT as a dimensional metrology tool.
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