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Abstract

This thesis investigates the capability of optical tomography (OT) as an in-situ pro-
cess monitoring tool for detecting spatter-induced defects in components produced
via Laser Powder Bed Fusion (LPBF). The study evaluates whether OT imaging,
combined with custom image processing techniques, can reliably identify internal
porosities typically verified through high-resolution X-ray Computed Tomography
(XCT).

Two Inconel 718 demonstrator parts were manufactured using an EOS M290 LPBF
machine, with process parameters deliberately adjusted to promote defect formation.
OT images captured during the build were processed using a custom MATLAB script
that applied Laplacian of Gaussian (LoG) and erosion filtering to identify thermal
anomalies. These anomalies were compiled into point cloud datasets and digitally
compared with XCT data of the segmented demonstrator.

The results revealed limited correlation between OT-based indications and actual
porosities detected through XCT, with alignment errors, image noise, and the res-
olution of OT data identified as key limitations. Despite this, the study highlights
spatial patterns in OT data that may still be indicative of defect-prone regions,
suggesting potential for further development. The findings underscore the need for
enhanced filtering techniques, improved data alignment, and the integration of ad-
ditional OT data types to improve detection accuracy.

This work contributes to the ongoing development of in-situ monitoring systems

for LPBF, particularly in critical applications like aerospace, where early defect
detection is vital for part certification and safety assurance.

Keywords: Laser Powder Bed Fusion, Optical Tomography, In-situ Monitoring, X-
ray Computed Tomography, Defect Detection, Spatter, Inconel 718.
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Acronyms

Below is the list of acronyms that have been used throughout this thesis listed in

alphabetical order:

AM
AWJ
CAD
CNN
EDM
EOS
GOM
LPBF
oT
PBF
SLM
TIFF
VGS
XCT

Additive Manufacturing

Abrasive Water Jet

Computer-Aided Design

Convolutional Neural Network

Electrical Discharge Machining

Electro Optical Systems (refers to EOS M290 machine)
Geometric Object Modeling (3D scanning system)
Laser Powder Bed Fusion

Optical Tomography

Powder Bed Fusion

Selective Laser Melting

Tagged Image File Format

shorthand for VGSTUDIO

X-ray Computed Tomography
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Nomenclature

Below is the nomenclature of symbols and variables used throughout this thesis,
based on optical tomography, image filtering, and XCT analysis.

Variables
f(z,y) Pixel intensity at coordinates (z,y) in the OT image
G(z,y;0) Gaussian smoothing function

Vif Laplacian of the image intensity function (second-order derivative)
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1

Introduction

1.1 Background to Project

In recent years, additive manufacturing (AM) has emerged as one of the most ver-
satile production processes, offering unparalleled design freedom. This capability
enables greater customization of components, adding significant value, particularly
in applications such as medical implants and aerospace components [1].

Among metal additive manufacturing technologies, there are various processes in
which Powder Bed Fusion (PBF) is the most widely used and well-established [1]
[2]. Mostly because of its low manufacturing cost and the ability to recycle the
powder used to manufacture a new component. This process builds components
layer by layer, allowing for geometries with complex internal cavities that would be
difficult or nearly impossible to achieve with conventional manufacturing methods.
The PBF process can be utilized using a laser or an electron beam, where Laser
Powder Bed Fusion (LPBF) is the most common one [2].

Although additive manufacturing offers significant potential, several challenges per-
sist, particularly in quality control and process validation, which remain costly and
complex. One of the biggest challenges in LPBF is the selection of optimized pro-
cess parameters for effective production while still maintaining favorable structural
properties [3]. Insufficient parameter selection can lead to the formation of unfa-
vorable defects or long print times that negatively impact lead times. Even when
optimal parameters are chosen, defects may still occur due to stochastic spatter or
trapped gas pores [3]. These deviations can increase the porosity of the component
produced, making it more difficult to verify the quality and durability of the final
product. As a result, the ability to predict and mitigate these defects in real-time
is crucial to advance LPBF technology and its application in demanding industries
such as aerospace.

GKN Aerospace, a global leader in aerospace development, supplies components for
the majority of today’s commercial and defense aircrafts [4]. Given the high quality
standards of the aerospace sector and its need to remain competitive, there is a con-
tinuous drive to adopt the most efficient manufacturing methods available [5]. Metal
additive manufacturing is currently regarded as a leading contender in achieving this
goal, offering potential improvements in both the efficiency and cost-effectiveness of
manufacturing.



1. Introduction

This thesis project explores the potential for in-situ monitoring of the LPBF process
in the production of an airplane engine mount at GKN Aerospace. Using process
monitoring data, this study aims to assess whether it is possible to predict defects
or whether additional validation methods, such as post-process inspections or com-
putational models, are required. The objective is to provide valuable information
on the feasibility of using real-time process data for defect detection and quality
control in aerospace manufacturing.

The engine mount is made from Inconel 718, which is a superalloy known for its
mechanical properties and weldability and is therefore often used in aerospace ap-
plications [6]. The mount consists of one base with two elevated sections that are
all manufactured using the LPBF process (see Figure 1.1). Understanding and en-
suring the quality of these types of parts is vital, as any defect could compromise
safety and performance.

(a) Demonstrator side view (b) Demonstrator side view

Figure 1.1: The engine mount.

The surface geometry of the engine mount is captured using Geometric Object Mod-
eling (GOM), which is used to scan the surface of the component for irregularities
or deviations in shape or surface finish compared to the CAD model. After con-
struction, the mount has also been stress relieved using heat treatment.

1.2 Problem statement

The demonstrator being investigated, an aircraft engine mount, is a component that
requires high durability and the ability to perform under high temperatures. These
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demands make the choice of material crucial and are the reason why the Inconel
718 alloy was chosen. During the LPBF process, defects can occur that in turn
can lead to an increased risk of cracks and reduced durability. This can occur for
various reasons and includes the lack of fusion, porosities, or surface imperfections
[7], which will weaken the material and its properties at certain points. Another
big contributor is stochastic spatter, which can manifest in the powder bed and
cause the defects mentioned above. In recent years, optical tomography (OT) has
gained attention as a potential in-situ monitoring method. However, there is lim-
ited evidence showing that OT data alone can accurately detect internal porosities,
especially when compared to XCT validation.

1.3 Research questions & objectives

The following research questions will be used for this thesis.

1. How accurately can OT images detect spatter induced defects during the pow-
der bed fusion process?

2. What are the limitations of using OT-based image processing for detecting
internal porosities in LPBF, and how can these be addressed?

1.4 Scope & Limitations

To ensure that the master thesis remains within the scope of the project, some
limitations have been set. According to Chalmers regulations, this master’s thesis
project is limited to one semester, which is 20 weeks of full-time studies. This is
approximately 800 hours per person and will be conducted between the 15th of Jan-
uary and the 6th of June.

This master’s thesis is limited to investigate and focus on the validation of in-process
monitoring to detect defects during laser powder bed fusion processes. More specif-
ically, defects related to stochastic spatter. For the project, materials and manufac-
turing processes were also predetermined, specifically two Inconel 718 demonstrators
produced using an EOS M290 LPBF machine. The project will also rely on precol-
lected OT data from the manufacturing of the two demonstrators.

Several challenges and areas are outside the scope of this project. For example,
real-time defect correction during the LPBF process is not addressed. Furthermore,
this study does not compare the LPBF process with alternative additive manufac-
turing methods, such as direct energy deposition, which could offer insights into the
broader applicability of in-process monitoring. Moreover, the scope is limited to
the materials and data currently available, without extending to different alloys or
real-time monitoring systems.
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Technical Background

2.1 Additive Manufacturing

AM, is a process that allows for much freedom in geometry design, such as more
complex or customized parts, as there are fewer constraints during the manufactur-
ing process. This is because of the way the process is executed compared to other
production methods. AM builds components layer by layer, unlike traditional sub-
tractive manufacturing methods that cut them from a solid block or mold them [8§].
This allows for a more material-efficient production, as the produced part gener-
ates much less waste than traditional methods. This is because in AM, most of the
waste only comes from surface finishing and removal of support structures from the
final product. The digital versatility as well as reliability is also notable in AM, the
designs for parts are more easily imported directly from digital tools such as CAD
models [1], further removing steps that might be present in other processes. It also
offers great increases in the production speed of these intricate products [9]. This is
in part due to the fact that AM as a single process can in some cases replace mul-
tiple processes that would be required to produce the same component. AM is now
increasingly accepted and used for the production of high-performance components.

There are a multitude of variants of AM processes that span across many different
industries as well as private use, in turn yielding various different applications. In the
aerospace and defense industry, it allows the production of lightweight parts that
often require complex and hollow geometries, as well as providing opportunities
for rapid prototyping [4]. The automotive industry, as broad as it is, benefits for
similar reasons, with rapid prototype testing or custom high-performance parts for
race cars [10]. In healthcare, AM is already used to make custom prosthetics that
require high-durability alloys that are, in turn, not rejected by the body [10].

2.1.1 Metal Additive Manufacturing

As AM has evolved and became more widespread in its implementation areas, so has
the desire to use the manufacturing method in additional materials. Metallic com-
ponents have very favorable mechanical characteristics, as a result, they are also the
most common among materials in engineering [9]. As a result, it is natural to have
combined the positive production capabilities of AM with the favorable mechanical
characteristics that metals bring, resulting in a production method that can rapidly
create complex and intricate components with strong mechanical characteristics and
little wasted material [9].
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2.1.2 Laser Powder Bed Fusion

One of the earliest and first commercially used AM processes was the PBF process
[11]. According to Gibson et al. [11] and Chowdury et al. [7] the PBF process is
one of the most commonly used processes for AM and can be used with a variety of
different materials, such as polymers, metals, ceramics, and composites. The LPBF
process is the most common one used for metal AM.

LPBF is a process that includes a laser source, a building platform, a system to de-
liver powder, a controlling system, and complementary parts such as rollers, scrap-
ers, etc. Where a powder bed is spread out by some type of powder leveling roller
on a flat build plate and is then exposed by a high-intensity laser energy through a
focus lens and galvano mirrors [7]. The laser is then directed on determined regions
to make the desired model shape. This melts the powder, which is then fused layer
by layer. When the laser has melted the powder, the build plate is lowered to the
desired layer thickness with help of the build piston and the process is repeated when
a new layer of powder is spread [1]. After enough iterations, an object is created.
The produced object is produced using a CAD 3D model. See Figure 2.1 for visual
representation of the LPBF process. Today, the process is limited to a number of
different commercial alloy systems, such as, aluminum alloys, titanium alloys, nickel
based super alloys or stainless steel [12], while there are numerous more alloys, these
are the most commonly used for commercial use. All of which have different prop-
erties that can be utilized in different industries.
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Metal powder
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Figure 2.1: Illustration of the LPBF process [13].

The LPBF process offers several notable advantages that make it attractive in mod-
ern manufacturing. One of these is its design flexibility. This allows for highly
complex and intricate geometries that would be difficult or almost impossible to
achieve with traditional methods [7]. Being able to produce these kinds of products
has proven beneficial for multiple industries, like aerospace, automotive or medical
sectors that often require customized components with strict requirements.
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Although the LPBF process offers many benefits, such as a low production time,
complex geometries, high material usage and reduced costs [14]. However, challenges
remain because the process is dependent on rapid solidification within molten pools
of the material leading to the occurrence of thermal stresses, which can result in
material segregation and the emergence of non-stable phases. Furthermore, mi-
crostructural imperfections such as balling and porosity can be a result of the heat
affected zones that occur around the melt pool due to the extensive high heating
and cooling rate [7] [14]. These types of defects lead to unwanted properties and
reduce the quality of the product. This will be explained in more detail in Section
2.2. By optimizing the process parameters, some defects can be minimized, while
others tend to persist. However, this approach is only effective for simple geometries
and becomes costly and time-consuming when applied to every new part design.

2.2 Defects in LPBF

As mentioned in section 2.1.2, there are common challenges not yet solved with the
LPBF process, and therefore defects in some form are unavoidable. Some of the
most common defects in PBF processes include geometric and dimensional inaccu-
racies, geometrical related defects, surface quality problems, microstructural defects
and residual stresses [15] [16] [17]. Moreover, defects arising from spatter and design
features also need to be taken into consideration, as they can significantly impact
the final part quality and functionality.

2.2.1 Geometrical and dimensional inaccuracies

Geometrical and dimensional inaccuracies originates from deviations in form and
size [15] and encompass distortions and deformations such as shrinkage and over-
sizing [18] [19]. Defects like these influence the structural integrity [20], surface
quality and intended use of the part. The low geometric precision is mainly influ-
enced by the staircase effect, errors in machine parameters [15], and thermal stresses
[21]. The staircase effect results from the layer-by-layer construction method used
in LPBF, where each successive layer introduces stepped edges. This effect be-
comes particularly pronounced in inclined profiles and in increased layer thickness
[22] [23] [24]. According to Druzgalski et al. [25] the LPBF process has more than
130 process parameters that can affect the quality of the final product. These pa-
rameters include laser power, velocity, spot size, layer thickness etc. [13] [25] [26].
Thermal stresses arise due to the rapid heating and cooling cycles inherent in the
LPBF process, leading to steep thermal gradients and high cooling rates [27]. More-
over, dimensional inaccuracies can lead to super-elevated edges and are influenced by
parameters such as building direction, gas flow rate, laser power and scan speed [28].
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2.2.2 Geometrical related defects

The design and geometry of the parts produced can significantly influence the oc-
currence of defects during the process [29]. According to [30] [31] [32] some of the
most common defects generated related to geometry include overhang, fine details,
and hollow channels.

Overhang structures present a significant challenge in Laser Powder Bed Fusion
(LPBF) due to their lack of underlying support. In these regions, the molten metal
tends to solidify directly onto the powder bed, which lacks sufficient thermal con-
ductivity and mechanical support. This often leads to issues such as poor surface
quality, reduced dimensional accuracy, and incomplete fusion [31], [33]. As a result,
parts with large or unsupported overhangs often require redesign or reprinting to
meet quality standards.

One of the primary consequences of overhangs is increased warping. Warping occurs
when residual stresses, caused by steep temperature gradients during solidification,
exceed the material’s yield strength and lead to deformation [34]. The severity of
warping typically increases with the size of the overhang, especially in the early
stages of the construction, when the structure lacks stiffness and thermal conductiv-
ity. As the part grows and gains structural support, these effects tend to diminish,
but overhangs remain a key factor in warping-related defects.

Fine details in LPBF include smaller parts and thin sections on the part, and share
inherent challenges in manufacturing and can have a significant impact on the me-
chanical properties and structural integrity of manufactured parts. Defects related
to fine details often include cracks and distortion due to higher thermal forces on
the surface [35], but could also arise due to other factors, such as process parameters
or material properties.

Similarly to the other geometrically related defects, hollow channels are also influ-
enced by factors such as process parameters, like laser power or layer thickness, and
residual stresses [19]. Common defects in channels and wells produced using LPBF
are sag and dross formation [19]. These types of defects can greatly influence the
functionality of channels and can be difficult to prevent. A study by Xiaogang et al.
[36] showed that channels with a diameter smaller than 2 mm, were unable to re-
move the remaining powder inside the channels due to shrinkage of the flow channels
after fabrication. This leads to post-processing challenges, reduced performance, or
contamination of the final part.

2.2.3 Surface quality

The surface quality of the final product can be heavily impacted by surface defects
that may occur during the LPBF process. These defects include surface roughness,
balling, the staircase effect and spattering [15] [37]. These types of surface defects
can affect the mechanical properties, such as the fatigue resistance and corrosion
resistance of the final product [22]. Surface roughness is a common defect in LPBF

8
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and could be a result of partially melted surface particles adhering to the surface or
incorrect processing parameters [38] [39]. The partially melted particles adhere to
the surface because the powder bed is in close contact with the part during solidifi-
cation, especially on side and downward-facing surfaces. These surfaces experience a
higher heat transfer into the surrounding powder, making it easier for loose particles
to fuse onto them, resulting in a rougher texture [39].

2.2.4 Microstructural defects

Microstructural defects can significantly affect the structural integrity and proper-
ties of parts, often leading to a reduction in tensile strength, increased porosity, and
overall structural weaknesses [40] [41]. These defects typically arise from the forma-
tion of pores or voids during the manufacturing process. The four primary causes of
such defects are Lack of Fusion (LoF), gas pores, keyhole pores, and spatter. Among
these, LoF is one of the most prevalent defects in the LPBF process. It occurs when
incomplete melting of the powder results in unbonded regions within the material,
compromising its mechanical properties and structural integrity [42]. Gas pores can
be formed due to the entrapment of gas within the molten pool during rapid solidi-
fication of the powder bed, or from LoF porosity caused by the low energy density
from the laser[43].

2.2.5 Keyhole pores

Keyhole pores have a spherical shape and are often induced due to high laser power
and low scan speeds, which lead to deeper penetration melting [44]. Keyhole pores
form when the deep, narrow cavity created by the laser-induced evaporation of metal
becomes unstable and collapses. This instability is caused by complex forces that
lead to trapped gas pockets that weaken the material [45].

2.2.6 Spatter

Spatter is a common and often unavoidable phenomenon in LPBF. It occurs when
the high-energy laser interacts with the metal powder, causing it to melt and some-
times vaporize. Rapid expansion of vapor or recoil pressure from the melt pool
leads to hot particles being ejected in various directions. Similarly, cold, unmelted
powder particles can also be ejected from the powder bed during the LPBF process.
As illustrated in Figure 2.2, the ejection paths of cold and hot particles can differ
depending on factors such as the direction of the laser scan and the flow of the gas.
While hot particles are typically ejected due to vapor recoil and melt pool dynamics,
cold particles are more likely to be displaced by gas flow or mechanical disturbances
near the melt pool. These particles, known as spatters, typically range from 25 to
100 pm in size [46]-[48].
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Figure 2.2: Illustration of hot & cold spatter ejection [47].

The behavior and amount of spatter are influenced by several process parameters,
such as laser power, scanning speed, and powder properties. For instance, higher
laser power or slower scan speeds tend to create larger spatter particles. These
particles land back in the melt pool or spread across the powder bed, potentially
negatively affecting the building process [49]. Spatter particles can negatively affect
both the part that is being built and the powder surrounding it. If the spatter falls
back into the melt pool or becomes embedded in new layers, it can lead to defects
such as porosity, lack of fusion, and surface roughness [49], [50]. In addition, spatter
can contaminate surrounding powder, especially in systems where the powder is
reused, reducing the overall quality of future builds [51]. Because spatter forms in
unpredictable ways and is difficult to fully control, reducing its impact remains a
major focus in process optimization. A better understanding of spatter formation
can help improve build quality, powder reusability, and the overall build process
[46], [48], [50].

2.2.7 Residual stresses

Residual stresses impose a significant challenge in LPBF, as they can lead to cracks,
distortion and delamination [52]. This is often due to rapid melting and solidification
in the process, leading to thermal expansion and deformation [52][53]. In the as-built
condition, residual stresses vary significantly depending on the surface orientation.
On the upper surface, they were approximately half of the material’s yield strength,
while on the vertically oriented lateral surface, they reached values close to the yield
strength. This indicates that the manufacturing process induces substantial internal
stresses, particularly in the vertical direction, which can have implications for part
performance, dimensional stability, and the need for stress-relief treatments [54][53].

2.3 In-situ Process Monitoring
In-situ process monitoring is a concept that refers to any technology that monitors
aspects of a process without interrupting the process flow or destroying the sam-

ple [55]. The following section highlights the aspect of process monitoring, more
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specifically, it covers the LPBF monitoring process using Optical Tomography. Var-
ious aspects can be monitored with regard to LPBF and span between information
from both the machine and the processed work object [56]. This section covers the
methods that have been used in the production of the samples analyzed in this
project.

2.3.1 Optical Tomography (OT)

Since there are a large number of factors that affect the LPBF process, in-situ pro-
cess monitoring has become essential to keep up with quality standards [57]. One
of the primary objectives of in-process monitoring tools is to detect distinct process
signatures or indications that can be linked to particular defects or inaccuracies.
In this regard, in-situ monitoring tools can identify the early stages of defects dur-
ing the process, helping minimize material, energy, and time waste. According to
Guerra et al. [57] other areas of use include evaluation of geometry and dimensions
and detection of defects related to the re-coating system such as elevated edges.
Optical tomography (OT) is an imaging technique that utilizes a high resolution
camera that captures light radiation from the build process passed through a band-
pass filter to capture near infrared wavelengths. This can in turn create images of
the entire build surface that capture an object’s internal structure by using layer-
by-layer imaging [58]. In LPBF, optical tomography monitors the printing process
in real time by visualizing how the laser interacts with the powder and melted ma-
terial. By analyzing pixel intensity values in grayscale images, OT images can be
used to identify internal defects such as lack of fusion or spatter [59]. Although
OT is effective in detecting spatter-induced defects, the robustness of the processing
conditions to spatters can vary, affecting the detection accuracy.

With OT imaging, the monitoring system can generate two types of imaging that can
be captured, Integral image or MAX image. The integral image (INT) captures the
thermal radiation emitted from the process in the near-infrared wavelength range,
integrated over the entire exposure duration. By analyzing the integral image, it
becomes possible to observe the average thermal rates across different sections of the
part [58]. The MAX image identifies the positions of maximum thermal radiation
emitted from the process for a given layer.

2.4 Ex-situ Monitoring

Ex-Situ monitoring is the process of analyzing and measuring parameters outside
their original location. Unlike in-situ monitoring, which takes place in the natural
environment or during operation, ex-situ monitoring involves collecting data and
analyzing them in a controlled environment such as a laboratory [60]. For the sake
of this project, the ex-situ monitoring will consist of post-production analysis of the
printed demonstrator, in order to compare the result to the result of the in-situ
evaluation.
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2.4.1 X-ray Computed Tomography

X-ray computed tomography (XCT) is an imaging technique that reconstructs im-
ages in a digital form, from measured and collected data that can come from various
sources and sensors [61]. X-rays are a form of electromagnetic radiation, like visible
light and radio waves. It ranges in wavelengths from 0.01 to 10 nm [62]. Unlike
conventional measurement methods, XCT can analyze complex internal and non-
line-of-sight surfaces, making it valuable for detecting defects, measuring surface
textures and ensuring the quality of components [63]. As XCT is capable of in-
specting the internal structure of components, it becomes a very suitable process
for metal additively manufactured parts, since they can posses complex geometries
hard to analyze with other means of detection [8]. XCT works by firing highly
accelerated electrons from a source to a digital detector. Between these two, the
element wished to be examined is placed and electrons are fired through the sample
towards the detector. Depending on the samples thickness and density, the detector
will give different readings [64]. From this firing, the detector can produce a digital
2D projection. Then, the sample is rotated and the process is repeated to produce a
multitude of 2D projection that in turn can be compiled to a full 3D reconstruction
of the object. The distance from the sample and the intensity of the x-rays also af-
fect the final resolution of the scan. The resolution is defined in voxels. A voxel is a
volumetric representation (3D) corresponding to a pixel in two dimensions (2D)[65].

Detector

Rotatiné; Sample

X-Ray Source

Figure 2.3: XCT Visualization.

The XCT system used for the demonstrator analysis is a Waygate Technologies,
Phoenix-Vtomex M240 dual source XCT, which uses an open directional high-power
microfocus X-ray tube (240kV), with a closed cooling water circuit. In addition, a
open transmission high-power nanofocus X-ray tube (180kV) [66]. The sample is
fixed in a rotating 4-axis manipulator, it can be up to 420 mm ¢ x 400mm for a
3D scan and weigh up to 50kg (with high-accuracy XCT scans up to approximately
20kg) [66].

2.4.2 Phoenix datos|x - CT Data Acquisition Software

The data produced by the XCT machine is processed in the acquisition software
also produced by Waygate Technologies [67]. The software offers the ability to select
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which areas of the scan that consists of the work sample and to to reconstruct and
export the collected data as a 3D volumetric data for further investigation in other
softwares. The phoenix software also offers the ability to investigate these volumes
although with limited tools compared to other alternatives. The XCT machine and
its interface are directly linked to an external PC that can process its generated
data.

2.4.3 VGSTUDIO MAX

VGSTUDIO MAX 2025.1 from Volume Graphics is a software used for geometric,
dimensional, and tolerancing analysis, as well as material evaluation, simulation,
and XCT reconstruction [68]. It is a widely adopted tool in industry for analyzing
and visualizing industrial XCT data. The basic edition includes features such as
data quality evaluation, visualization, animation, image segmentation, reporting,
and automation [69]. In addition, users can extend the software with more than
20 optional modules customized to specific needs, such as porosity analysis, wall
thickness measurement, and volume meshing [68].

One of the features of the software is its quality factor, a numerical scale from 1
to 10, where 1 indicates the lowest quality and 10 the highest. This value reflects
the degree of separation between the background and part values, serving as an
indicator of clarity and precision in XCT scan porosity analysis.

2.5 Data processing

The vast data available from both in-situ monitoring and process parameters is far
too redundant to give defect indications on its own and therefore must be processed
to provide insight into the process. The process parameters and values have a great
impact on the finished components microstructure and mechanical characteristics
of the finished component [70]. With optimal parameters, production time can
be kept low while maintaining good mechanical capabilities. Process parameters in-
clude laser speed and power, the layer thickness of the powder as well as the printing
atmosphere [70]. Correlations can be found between the process parameters and the
appearance of defects in the printing process [70]

13



2. Technical Background

Figure 2.4: Example of an OT image layer

In-situ monitoring data is provided as OT images. The OT data are in the form of
MAX OT images, which are black and white 4 megapixel images of the powder bed
during the printing of each layer. OT data are the most viable because spatters do
not land where the laser points at that moment [71]. In the OT images, the spattered
particles manifest as bright spots compared to their surroundings in the image. As
spattered particles are shown as bright spots, they can be considered blobs by image
processing standards [72]. A blob is a region of an image in which some properties
are constant or approximately constant, furthermore, there are methods to recognize
these using image processing and recognition software [72].

2.5.1 Laplace of Gaussian and Blob Detection Filters

Of the various different methods for blob detection, the most commonly used one
applies a Laplacian of Gaussian (LoG) operator [73]. Other commonly used oper-
ators include the Difference of Gaussian (DoG) and Canny edge detection. DoG
is one of the first image processing methods, originally used in healthcare before
machine learning became more widespread [74]. It works similarly to LoG however,
it is just an interpretation of the filter and it does not use a second derivative, thus
the computational power required is lower. However, it is not as proficient in edge
detection. The Canny edge detection method is also a widely used operator for
image processing, and its complexity makes it have many areas of implementation
[75]. However, with its complexity comes problems in noise processing, thresh-
old selection and edge selection. For this project, the LoG filter was chosen, as it
was seen to have the best characteristics in the sense that it is not to demanding in
computational power while at the same time being able to handle sharp image edges.

In a image processing scenario, using an image represented by pixel values:

f(z,y) (2.1)
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Were f is the pixel value represented by x and y coordinates

The Laplace of Gaussian filter applies both the Gaussian function, which smooths
out edges between objects displayed in the image:

2mo? 202

Gla,y:0) = —— exp<—$2+y2> (2.2)

Here, sigma is representing a predetermined standard deviation value, normaly
around 1

The Laplacian is a second-order differential operator that measures the rate at which
the first derivative (gradient) changes. In 2D (for images), it is defined as:

o o
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A combined representation of the two applied to the before mentioned image [72]:

V*G(z,y) =

2 2 _ 942 2 2
vyt 200 <_f +y) (2.4)
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The Laplace of Gaussian is used to filter the original image pixel values, it can
be used as a method for detecting rapid intensity change in these pixel values [72]
[73], in turn, highlighting the local extrema. These extrema in the case of OT data
represent a cluster of pixels that are much brighter than their neighbors, indicating
that a bright spatter has landed at that location on the powder bed. The LoG filter
then homogenizes the image values globally, highlighting these local extrema. The
reason why this cannot be detected directly on the original OT data image is that
the local extrema can still have a relatively low value in a global context.

Figure 2.5 shows two areas on an OT image as represented in Figure 2.4. Each pixel
in the images is marked with a value representing its global intensity. The area in
Figure 2.5a has a lower value compared to figure 2.5b. However, the area on the
left has a more rapid shift in intensity. The area highlighted in the right image has
high values ranging throughout the area and also globally high values, as well as
the change being more gradient. The areas both differ in intensity, although both
contain locally extreme values.
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(a) Area with globally low intensity (b) Area with globally high intensity

Figure 2.5: Sections of OT image with varying intensity.

As seen in Figure 2.6 after the LoG filter has been applied, two local extrema that
before filtration had a high intensity variation are still noticeable. However, now
both have similar values and are now globally extreme, judging from the dark blue
areas in the images global heat map.

(a) Globally low intensity area after  (b) Globally high intensity area
LoG filtration after LoG filtration

Figure 2.6: Example images with homogenized intensity, where the heat map
shows pizel values after filtration.

2.6 Inconel 718

Inconel 718 is a nickel-based superalloy that contains nickel, chromium and iron, with
additions of niobium, titanium and aluminum [76] [77]. The mechanical properties
of the alloy exhibit high strength, high creep resistance, excellent fatigue resistance
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and good ductility [78] [79], while also maintaining these properties at temperatures
up to 650°C. This makes it suitable for applications within the industrial sector, such
as aircraft gas turbines, steam turbine power plants, nuclear reactors, and compo-
nents for the aerospace industries. All of which where high strength and corrosion
and oxidation resistance is critical [76] [80].

Due to its versatility and high performance, Inconel 718 is also commonly used in
metal AM, specifically for Selective Laser Melting (SLM) and LPBF [78]. However,
due to its hardness and low thermal conductivity, Inconel 718 presents challenges
during the LPBF process. These challenges include porosity and poor surface finish
[81], where the latter requires additional post-processing to achieve the desired sur-
face.

2.7 Post-processing

Post-processing plays a critical role in additive manufacturing, especially when
preparing parts for inspection, validation, or further use. In this study, several
post-processing techniques were employed to segment the demonstrator components,
preserve geometric integrity, and enable accurate dimensional analysis.

2.7.1 Abrasive water jet cutting (AWJ)

Abrasive water jet cutting (AWJ) is a nonconventional cutting process that is used
in the automotive, aerospace, construction sector, etc. for its ability to cut through
hard and soft materials [82]. It is often used to cut materials such as metals, super
alloys, ceramics, composites, glass, rocks, or plastics. AWJ is a cold cutting process,
which means that there are no heat-affected zones during the process and most often
offers a clean and precise cut which does not require any additional machining to
improve the surface finish.

The abrasive agents are used to change the cutting effect of the water jet. As
different materials are cut, certain abrasives are more favorable to use to improve

the cutting effect or reduce overall costs [83].

Table 2.1: Commonly used abrasives [83].

Abrasive Cost
1. | Sand Low
2. | Garnet Medium
3. | Aluminum oxide | Medium
4. | Emery Expensive
5. | Iron residue Low
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Table 2.2: Components of
the water jet.

Component

High pressure water

Orifice nozzle

Abrasive agents

Ll IR A

Mixing chamber

w¢» MANUFACTURING CUIDE

Figure 2.7: Tlustration of the water jet
process [84].

The system operates by pumping water to high pressure, the orifice then transports
the high-pressured water through the system to the high-velocity water jet. Before
exiting the jet, the abrasive agents are mixed with the water in the mixing chamber,
which is then charged out of the jet and cuts the material [85].

2.7.2 Wire cut Electrical discharge machining (EDM)

Wire Cut Electrical Discharge Machining (Wire EDM) is a machining process that
uses electrical discharges (sparks) to erode material from a workpiece [86]. The
process utilizes a wire for material removal by using a series of discrete electrical
discharges between the workpiece and the wire [87]. The sparks can result in tem-
peratures up to 10000 °C which melts and vaporize the material. The wire thickness
often used varies between 0.1 and 0.4 mm in diameter depending on the material
being processed [88].

The process is particularly effective for machining hard materials and for the man-
ufacture of complex shapes with high precision [89]. The high temperatures require
the workpiece to be submerged in a dielectric fluid that both cools the material and
removes debris, see Figure 2.8 for a visual representation of the process.
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Figure 2.8: Illustration of the wire EDM process [90].

2.7.3 3D Scanning

3D scanning is a technology that captures the shape and dimensions of physical
objects and converts them into digital 3D models. This process involves various
techniques and tools, including high-resolution cameras, lasers, and advanced soft-
ware, to create accurate and detailed representations of objects [91]. It is a widely
used tool for manufacturers that requires accurate dimensional inspection, virtual
image analysis, and prototype manufacturing. The virtual reconstruction can be
used as validation for the manufacturing process by comparing the scanned sample
to the original designs and tolerances. This can also be a good way to identify where
in the manufacturing process any unwanted effect might occur by creating reverse
models to identify them [92].

The 3D scanning of the demonstrators in this study was performed using the GOM
ATOS ScanBox 6130, an automated optical 3D coordinate measuring system devel-
oped for high-precision digitization and inspection of large parts [93]. The ScanBox
6130 is well-suited for analyzing complex geometries and validating production parts
against design specifications. The system supports components up to 3000 mm in
diameter and weighing up to 2000 kg. With external dimensions of 4250 x 4250 x
2700 mm and a large opening width of 3100 mm [93]. The scanning process is fully
automated, featuring a 7-axis kinematic system that enables comprehensive coverage
of the component’s surface. The ScanBox 6130 is compatible with high-resolution
optical sensors, these sensors project structured light patterns onto the surface of
the component and capture precise 3D data with high accuracy and repeatability
[93].

Post-processing and inspection of the scanned data were performed using ZEISS
INSPECT software. This software enables users to perform mesh editing, dimen-
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sional analysis, and CAD comparison [94]. It features tools for evaluating geometric
dimensions and tolerances, trend and deformation analysis, and digital assembly
simulations. The software also supports 3D visualizations, inspection results, and
statistical summaries [94].
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Material & Methods

This chapter presents the materials and methods used during the project.

3.1 Inconel 718

In this study, Inconel 718 was used to manufacture the demonstrator for the engine
mount due to the mechanical properties of the material, as mentioned in Section
2.6. The alloy was processed using LPBF. Some of the process parameters were
intentionally chosen to induce the generation of defects, which is mentioned in more
detail in Section 3.2. This was done to ensure the presence of detectable defects
within the manufactured parts for analysis purposes.

3.2 LPBF process

To manufacture the demonstrator, an EOS M290 machine was used for its ability to
produce high density and high precision components with complex geometries. This
makes it especially suitable for demanding applications such as those found in the
aerospace and energy sectors [95]. The system is equipped with a 400 W Yb fiber
laser and offers a build volume of 250 x 250 x 325 mm, enabling the fabrication of
both detailed features and relatively large parts [96]. In the context of this study,
the consistency and high precision of the M290 ensured a controlled manufacturing
environment where deviations could be introduced and analyzed.

The typical normal layer thickness for the machine is between 40-80 pm. However,
to intentionally introduce more potential defects for analysis, the layer thickness for
this build was set to 120 pm. Increasing the layer thickness reduces the number of
layers needed, speeding up the build process. However, this also increase the chance
that defects occur. A study by Pauzon et al. [97] demonstrated that increasing the
layer thickness from 30 pm to 60 pm resulted in a 17% increase in the amount of
spatter generated per scanned layer.
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3.3 Process monitoring system

To evaluate the formation of defects during the LPBF process, this study relied
on data collected by an in-situ process monitoring system. The primary source of
monitoring was OT, a non-disruptive imaging method capable of capturing thermal
radiation emitted during each layer’s printing. This method offers insight into ther-
mal effects such as spatter, lack of fusion, or abnormal heat distribution that could
result in defects.

3.3.1 EOSTATE Exposure OT

The monitoring system used for this project was the EOSTATE Exposure OT sys-
tem. This system facilitates non-destructive testing by automatically capturing
optical tomography images of each layer during the additive manufacturing process.
The EOSTATE Exposure OT system is equipped with a high resolution thermal
imaging camera that continuously measures and records the exposure and melting
of materials in real time [98]. As detailed in Section 2.3.1, the system was utilized
to collect data on pixel intensity for every layer of the build.

The camera produces image outputs with a resolution of 2000 x 2000 pixels, where
each pixel corresponds to 125 pm. For this project, the MAX images were used due
to the simplified data processing of only using one channel of information (gray)
while RGB contains three (Red, Green and Blue). The single channel of informa-
tion potentially helps minimize noise in the image, making it more suitable for better
contrast and edge detections. The images are subsequently saved in Tagged Image
File Format (TIFF).

3.4 Data processing

In the initial phases of the project, the main focus was on processing the OT data
collected during the LPBF process to find indications of spatter defects in the fin-
ished engine mount demonstrator. A MATLAB script was written as a way to
automatically process OT images, the goal was to find local rapid changes in in-
tensity and extrema in pixel values indicating abnormalities in the build that then
could be filtered and sorted to finally compile points of interest with high defect
indication density.

The images obtained from the OT system were stored as images with a 16-bit depth.
Each pixel step represents 125 pm in a given direction. To make data handling more
manageable when working with the code, these values were normalized to a range
between 0 and 1. This normalization was performed to improve interpretability,
as working with smaller values (e.g. 0.8) is more intuitive than handling the large
values 16-bit would yield, such as 52,428.8/65,536 which is the 16-bit counterpart
of 0.8. Figure 2.5 illustrates the grayscale values mapped on the original image,
showing the transformation in the representation of values to values between 0 and
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1. Spatter defects tend to manifest as smaller than 100 pm [99], which means that
they would be small enough to only be shown in one pixel. However, since they also
radiate light, they can give indications that manifest over a larger number of pixels
in the final OT image.

Figure 3.1: Section of OT image

3.4.1 Laplace of Gaussian and Erosion filtering

In the script, the LoG filter is implemented as a convolution matrix with predefined
parameters. The first step involves specifying the size of the filter matrix, as this
parameter directly influences the scale and sensitivity of edge detection. The matrix
is then generated using a adjustable standard deviation, which controls the extent
of Gaussian smoothing applied before the Laplacian operation.

Once created, the LoG filter is applied to the grayscale input image, shown in Figure
??. The filter enhances edge-like structures by detecting regions of rapid intensity
change. This process homogenizes the image, as demonstrated in Figure 2.6, where
local extrema are transformed into global high values. The resulting image high-
lights potential defect regions, which indicate edges or transitions in intensity. The
image after filtration can be seen in Figure 3.2.
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Figure 3.2: Section of OT image after LoG filtration.

After applying the LoG filter to the image, another filter is applied that erodes
the image seen in figure 3.3, the erosion filter works by having a predefined matrix
consisting of 1s, which determine how the filter relates to pixels neighboring the one
focused on in each instance. The resulting image after the filter has been applied
is less detailed and has larger chunks of homogenized pixels with sharper contrast
to their environment rather than a more gradual change in their value. In addition
to the sharper contrast, the filter also enhances extremes further as a result of the
pixelation, making them stand out even more in relation to their environment and
globally. This proved to be beneficial in the next thresholding step. The different
parameters used for both filters play a great part in how different areas of the image
are represented intensity-wise after they have been applied, as well as in how many
pixels on the image are to be considered intense enough.

Figure 3.3: Section of OT image after erosion filtration
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3.4.2 Thresholding

The next step in identifying deviations is setting thresholds that limit what the soft-
ware in turn chooses to determine as deviations. After LoG and erosion filtration
of the image, the first step in thresholding is an intensity measurement. The overall
value range that pixels in the final filtered image can receive will vary based on what
parameters have been used in the software, therefore, the intensity value for what
can be considered an indication will vary. A threshold is set based on these param-
eters so that only pixels beyond a certain intensity are counted as an indication.

Pixels with an intensity that exceeds a preset intensity threshold are compiled in an
array. The next step in the thresholding is locating all pixels exceeding the intensity
that are also neighboring each other. Instead of counting each pixel that exceeds
the threshold as a deviation they are all considered in a cluster. All these pixels in
the cluster are then seen as a single deviation, a center point that represents the
cluster is calculated based on the affected areas center point, which is rounded to be
in the center of the nearest pixel. All center points are then compiled into another
array that represents coordinates for the clusters center points.

This process was repeated for every layer of OT data collected throughout the man-
ufacturing process. The collected deviations from all the layers are then compared
across layers to determine if they are reoccurring. Reoccurrence across layers can
be an indication that the area might be affected by an actual defect, as it both
minimizes the risk of the software detecting false positives in the image and incor-
porates the possibility that the potential defect has healed in the fusion of the next
layer. The software looks at the previously mentioned center points, and if there is
one matching on the layer either above or below within a threshold of three pixels,
they are recognized as neighbors. The indication must then be reoccurring for three
consecutive layers in order to be considered, see Figure 3.4 for visual illustration.
The last step of the image processing is to produce an array of reoccurring devia-
tions that are then stored as a point cloud that, in turn, can be used for the digital
comparisons.

Figure 3.4: Illustration of three consecutive defect indications.
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3.4.3 Digital comparison

A digital comparison of the indication points and a digital representation of the
demonstrator was then made in order to see where the location of the points would
correspond in the physical demonstrator. The point cloud produced by the image
analysis code as well as a GOM scanned 3D representation of the physical demon-
strator were compared. With the point cloud lined up, areas of interest with a high
density of deviations could easily be seen and where they would correspond on the
physical demonstrator, see Figure 4.1. With the digital comparison, a high indica-
tion density was found in the mounts of the demonstrator, as well as at the very
top. With this information, a cut-up plan was made to perform the analysis.

3.5 Destructive part segmentation in preparation
for X-Ray Computed Tomography inspection

The demonstrator needed to be cut into smaller pieces in order to lower the power
we need to use to penetrate the sample, hence, it reduces the voxel size and gives
higher resolution. These sections were based on the identified areas of interest of
the demonstrator using the steps mentioned above in section 3.4. These areas were
representations of where the most possible defects could be located given the density
of the clusters generated from the point cloud.

As mentioned in Section 2.4.1, this study used the Phoenix V|tome|x M240 micro-
focus XCT system from Waygate Technologies to perform the XCT scans of the
segmented parts. The machine uses a rotating platform that sits between the X-ray
source and the detector. The machine then takes multiple 2D images from different
angles to generate a 3D model from these images. Due to the dimensional limita-
tions of the machine as well as beeing able to increse resolution, segmentation of
the part was necessary. The machine can handle dimensions up to 420 mm ¢ x 400
mm; however, due to the properties of Inconel 718, a diameter of 420 mm would
not be possible for the machine to scan due to the high density of the material. To
increase the precision of defect identification, segmented parts were chosen to be no
thicker than 10 mm .

Before segmentation and cutting, each section of the part that was intended to be
cut was measured and marked to ensure traceability after the cutting. This was done
by first marking each side of the mounts with a number (1-4) and then segmenting
each side, numbering its position, for example, part 1 on side 3 received number 3.1
and part 2, 3.2 and so on. See Figures 3.5 and 3.7 for visual representation. In total,
there were 36 segments planned to be cut, each a smaller section of larger areas,
where all of these segments were from the mounts and top part of the demonstrator.

The cutting of the demonstrator was made in two steps, first an order was made to
cut the part into smaller segments using an abrasive water jet. The image in Figure
3.5 shows the markings on the part where the segments were planned to be cut.
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Figure 3.5: Isometric view before cutting.

After the first cutting process with the water jet, the part was cut in to 6 parts,
both the mounts, the top part, the middle part and the bottom part of the demon-
strator. See Figures 3.6, 3.7, and 3.8 that show the cut pieces in various orientations.

The second step in cutting the demonstrator was to cut the two mounts and top
segment into smaller parts that in turn could be analyzed by the XCT scanner.
After the first cutting process with the abrasive water jet it was clear that using
the same procedure again was not feasible, as the smaller parts produced could risk
falling out of the machine if not being properly fastened during cutting, which also
could affect the quality of the cut. Instead, wire-cut EDM was used because of its
ability to cut with gentler and smoother cuts, resulting in less material removal. By
minimizing material removal, the alignment of the small parts with the digital point
cloud would, in turn, be more accurate.

The two mounts and the top part were marked where the cuts were to be made,
no larger than 10mm, and handed in for cutting. After the EDM process, the final
result as previously mentioned, was 36 small segments numbered based on their
location on the demonstrator, see Figure 3.9. The top of the demonstrator was
segmented into 20 pieces, which varied in thickness since the top part had a slight
elliptic shape and it was more efficient to not cut the parts at an angle. The mounts
were first cut in half along their long side to reduce their thickness, originally they
were 20mm thick which made them too large to yield valuable results in the XCT
scan. Each half was cut into six parts, where the focus was to have four samples
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Figure 3.6: Isometric view of mounts and top of part after first cut.

s “ _

Figure 3.7: Side view of mount.

o

(a) Bottom view of cut mounts. (b) Side view of both cut mounts.

Figure 3.8: Bottom view and side view of fasteners after cutting.
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of the thicker middle, as they were considered both more interesting and feasible to
examine due to their larger density of indications and shape.

F v F
. s

(a) Top part after cutting

.

(b) Mount 1 (c) Mount 2

Figure 3.9: Mounts and top part after additional EDM wire cutting.

3.6 XCT Parameter testing

After segmentation, all parts were scanned and analyzed using the XCT machine.
To ensure optimal scan quality, different parameters had to be properly configured.
This was achieved by conducting multiple test scans with different parameter set-
tings to determine the most effective ones. All testing was carried out with a software
expert, who provided guidance on which parameters to adjust and what aspects to
prioritize. The parameters tested included the number of images, the number of
averaged scans per angle, voltage, current, and voxel size (resolution). All scan pa-
rameters and their corresponding quality factors are presented in Table 3.1.
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Table 3.1: Parameter testing

Test ID | Number of images | Timing (ms) | Averaging | Voltage (KV) | Current (uA) | Voxel size (pm) | Quality factor
1.1-1 900 150 3 200 170 30 7.07
1.1-2 900 250 8 200 170 30 6.23
1.1-3 900 250 8 170 130 20 7.07
1.1-4 900 250 12 190 180 30 7.44
1.1-5 900 250 12 220 160 30 7.41

The process began by first conducting a scan of sample 1.1-1 with generally appli-
cable settings suited for similar samples, then analytically and visually interpreting
the resulting reconstruction. The VGS software offers the ability to give an indi-
cating value of the scans quality, also called the quality factor, the value is given
by calculating the intensity contrast of the background in relation to the sample
while also taking noise in between into account. Figure 3.10 shows two examples
of scanned samples with their intensity compared to the background displayed in
graphs, Figure 3.10a shows these peaks in the first scan with non optimized param-
eters, while Figure 3.10b has optimized parameters used in test 1.1-5, which were
then used for the remaining samples. The main difference can be seen in the area
between the two peaks, which gives an indication of how easy it is for the software
to distinguish between background and sample.

Histogram

10000 20000 30000 40000 50000 60000

(a) Peaks from parameters used in scan 1

Histogram

10000 20000 30000 40000 50000 60000

(b) Peaks from scans using final parameters

Figure 3.10: Graphs from first and final parameter tests.
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The first test scan (1.1-1) was determined to have too much noise to be sufficient.
The solution was to increase the number of average scans per angle, since then the
XCT scanning software could compensate for the noise with the increased amount
of scanning data. The reconstructed 3D model after the second scan (1.1-2) could
then be analyzed again in the VGS software. After the parameter change, it was
already considered to be more feasible and showed the internal structure in much
better detail than what the first scan showed. Five test scans were conducted to
determine which parameter set would yield the highest Q factor. Among the five
configurations, the setup with an average increase of 12, a timing of 250 ms, 220
kV, and 160 pA at a resolution of 30 pm resulted in a QQ factor of 7.41. Accordingly,
sample 1.1-5 demonstrated the highest achievable image quality, and the study pro-
ceeded using this parameter set. All test scans were performed with an expert in the
software and even if test 1.1-4 had a higher quality factor, the parameters from 1.1-5
would be more feasible for this thesis, due to the higher Kv of 220, which provided
higher penetration and reproducible results. Except for the parameters presented in
Table 3.1 all scans after 1.1-5 were scanned using two 0.5 mm tin filters that were
placed in front of the X-ray source.

3.7 VGS Software Analysis

The scanned 3D rendering in VGS showed the external as well as internal structure
of the scanned sample. The software offers the ability to visually phase through the
sample to see cavities and how they occur throughout the sample. It also has the
ability to automatically identify cavities throughout the whole sample and present
them both visually and in a table, showing information such as probability of be-
ing a porosity, diameter, equivalent diameter, and coordinates of the cavities. This
tool is especially useful, as it offers the ability to directly compare scan results with
the previously produced point cloud. An edge-distance is needed as threshold for
ensuring that the detection of porosities occurs inside the bulk material and do not
include surface roughness falls indications.

Each scan with the chosen parameters took 60 min to complete and, given the time
limit of the thesis, only a few of the samples was chosen to be analyzed. The samples
chosen to focus on were both the mounts, as these showcased a higher density of
indications based on the OT data as well as the absence of OT data for the very top
layers of the demonstrator. In the end, it was determined that the samples decided
to use in the analysis were the four middle pieces of each of the fasteners, seen in
Figures 3.11.
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Figure 3.11: Center pieces for one side of one fastener

3.7.1 Alignment

After the samples had been scanned they were compiled in a single workspace in the
VGS software. The alignment of the parts was made to reconstruct the demonstrator
digitally in the VGS software. The alignment was performed by first creating planes
tangent to the edges of the samples, more specifically the back, bottom and sides.
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Figure 3.12: Side plane definition.
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Figure 3.13: Bottom plane definition.

When creating the planes, the software generates a predetermined number of points
along the sample surface and defines each plane as the average position of these
points, as illustrated in Figure 3.12 and Figure 3.13. These planes were then used
for alignment of the individual parts.

To compensate for material loss during the EDM cutting, an additional spacing
of 0.32 mm was introduced between each sample when compiling them in the
workspace. 0.32 mm was chosen because that was the size of the wire used to cut
the parts. This was achieved by creating a new plane that was offset from the origi-
nal using the transformation module in the VGS software, which moved the desired
planes a distance that was manually chosen from the surface. Due to the inherent
inaccuracy of the cutting process, the resulting surfaces varied in size and width,
causing the samples’ surfaces to not be completely parallel because of a difference
in distance between the top and bottom. To mitigate this, manual measurement as
well as manual rotation of the samples using the transformation module was nec-
essary to achieve as close to parallel sides as possible. This alignment process had
to be performed for each sample individually until the entire mount was properly
recreated and aligned, as shown in Figure 3.15 and 3.14.

After reconstructing the mount, it needed to be aligned with the previously acquired
GOM scan of the demonstrator. The GOM scan served as the reference for aligning
both the mounts and the point cloud, as it was considered more representative of the
actual manufactured part than the original CAD model. Alignment was achieved by
defining corresponding geometric features, such as plane surfaces on the front and
back, circular planes, and cylindrical surfaces, on both the mount and the GOM
scan. The Sequential Alignment module was then used to match these features,
enabling the alignment of planes, cylinders, and the top reference point. The result
of this alignment is shown in Figure 3.16.
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Figure 3.16: Mounts aligned with the GOM scan.

The next step involved aligning the point cloud generated by the MATLAB script
described in Section 3.4. Since the VGS software can only align surface geometries,
a mesh had to be generated from the OT point cloud. The software automatically
created a surface mesh based on the point data, which was then aligned with the
GOM scan using the Best Fit Alignment module. This module compares the two
surface geometries and aligns them based on their most similar features. The result
of this alignment is illustrated in Figure 3.17.

Figure 3.17: Surface mesh aligned with the GOM scan.

Since the surface mesh was generated from the point cloud, both the mesh and
the point cloud share the same geometric features. As previously mentioned, the
software does not support alignment of non-surface data. However, it is possible
to transfer the transformation (coordinates and location) from an existing volume.
This enabled the alignment of the point cloud with the surface mesh by simply
copying and pasting the transformation. The results of this alignment are shown in
Figures 3.18 and 3.19.
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Figure 3.18: First Alignment.

Figure 3.19: First alignment with mounts and big point cloud.

Following the initial analysis, a smaller point cloud was generated to focus specifi-
cally on the two mounts, as detailed in Section 3.9. This allowed for a more precise
comparison between the identified areas from the script and the actual defects. The
alignment process was then repeated for the smaller point cloud. First, a surface
mesh was created from the new point cloud. This mesh was aligned with the GOM
scan, and then the smaller point cloud was aligned with the surface mesh by copying
and pasting the transformation from the mesh. The final alignment of the smaller
point cloud with the mounts is shown in Figure 3.20, as well as the final alignment
in Figure 3.21.
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Figure 3.20: Alignment with reduced point cloud.

Figure 3.21: Final alignment.

3.7.2 Porosity analysis

The XCT data analysis was performed using built-in tools in the VGS software that
allowed the analysis of both mounts separately. First, the outer surface was seg-
mented using a gradient-based surface determination tool, it disregards a section of
the most outer layer to not falsely detect surface roughness as pores in the mate-
rial. The pores were then identified using the VGEasyPore module with sub-voxel
accuracy, it automatically detects hollow and porous areas throughout the rendered

37



3. Material & Methods

scanned sample based on various predetermined variables. A contrast value of 7%
and a local area of 10 voxels were applied. Defects closer than 0.24 mm (8 voxels) to
the surface were filtered due to the rough surface of the parts. In addition, a mini-
mum probability threshold of 1 was implemented. The probability measurement in
the software is used as a score for each detection, this score is represented in different
values, and the higher the score, the higher the probability that an identified area
is a defect. Finally, if the defect size was less than 0.09 mm in diameter (3 voxels),
it was also excluded. The chosen parameters were based on a combination of man-
ual testing and the guidance provided by experts familiar with the software. Their
advice ensured that the parameters chosen were optimal for the specific context of
this analysis. Figure 3.22 shows what it looks like in the software after a porosity
has been found. It shows where in the object it is found from different angles so the
operator can get a better overview.

(a) ISO view (b) Side view

(c) Top view

Figure 3.22: Different views of the porosity analysis

The software then generates an array of information about the identified pores and
cavities in the material, the array consists of key information such as size of the
defects and their location in the sample. This information was then exported into a
CSV file for comparison with the original MATLAB script.
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3.8 Script for data comparison

Data from the porosity analysis and point cloud was extracted from the VGS soft-
ware after alignment in the form of CSV and text files. These files consisted of
coordinates from both the point cloud and the structural analysis. As the point
cloud had been moved within the workspace to align with the samples, its coor-
dinates had also been changed to a new global coordinate system that was shared
with the point cloud from the porosity analysis.

Then a script was written to compare the two arrays, find potential matches, and
provide statistics. First, a threshold of 0.7 mm was implemented, this value was
chosen because it takes the alignment issues and the fact that the OT analysis
script and the VGS software identify the center point of indications differently, into
consideration. The script then imports both arrays, compares each row of the first
array to each row of the second one, and if the distance of the coordinates of a row
are within the defined threshold, it is a match. Upon comparing all rows, the script
provides a list of matching points, how many of them there are, their distance to the
closest point. If multiple points match, the average distance between points within
each list and how large of a percentage of points from each file are matching to the
other.

3.9 Post-comparison

After the first comparison between the point cloud generated by the OT image pro-
cessing script and the structural analysis, it was deemed that adjustments had to be
made to the original code. This was because the result was not considered sufficient
and multiple reasons for the poor correlation were identified. Firstly, a setting in
the VGS software filtered out detections in its structural analysis that were near
the edges of the samples. This was implemented to avoid having surface imper-
fections falsely considered as cavities and defects within the material, although it
meant that all detections near edges by the code would not match in the comparison.

The solution was to implement an additional filter in the code that looked at the
different detections location and how high its neighboring pixels intensity was on
the original OT image. Then, if any neighboring pixel within a range of 3 pixels
had an intensity lower than 0.09 (meaning it was close to black), it would not be
considered, as this meant it was close to an edge.

In addition to this, a modification to the code was made so that it produces two
separate point clouds. One of the point clouds had restrictions on what areas from
the demonstrator to consider, while the other included all generated detections.
This was made to have a point cloud that almost only included detections from the
two mounts since detections from other areas of the demonstrator would guarantee
mismatches in the comparison. The inclusion of the bigger point cloud was to still
easily be able to align with the demonstrator in the VGS software and then match
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the smaller point cloud to the rest of the components for the analysis.

The last modification to the script was to add the possibility of excluding certain
coordinates of the two point clouds being compared to each other. For instance, a
limitation could be added to not include any coordinates under a certain height. It
was made to guarantee that they shared the same geometry before being compared
to yield a more fair result.

3.9.1 Validation test

To evaluate the effectiveness of the image processing script developed for the demon-
strator, a simpler part geometry, called a traveler, was also analyzed using the
same defect detection approach. The travelers were printed simultaneously with the
demonstrator using identical printing parameters and was printed as cylinders. Two
different travelers were analyzed and served as a validation step to assess whether
the method produced consistent results across different geometries. A total of eight
travelers were printed with the demonstrator and can be seen in Figure 1.1.

To analyze the travelers, new XCT scans were performed using updated scanning
parameters. These parameters were selected to enhance the resolution and detail of
the scans, allowing for more accurate identification of pores within the part. The
new scan settings are presented in Table 3.2 with the addition that traveler S-4 were
scanned with a 0.6 mm Cu filter and travelers S-2 and S-4 limited with a 1 mm tin
filter.

Table 3.2: Parameters for the travelers

Traveler | Number of images | Timing (ms) | Averaging | Voltage (KV) | Current (1A) | Voxel size (pm)
S-4 900 500 8 170 60 10.3
S-2 Limited 900 250 24 190 260 50
S-4 Limited 900 250 24 190 260 50

For Traveler S-4, the updated scanning parameters only allowed the top section
of the cylinder to be scanned, primarily due to the great amount of time required
for high-resolution scanning. In contrast, Travelers S-2 Limited and S-4 Limited
(scanned with different settings) used parameters that enabled shorter scan times
while still capturing the entire geometry of the cylinders and not just the top por-
tion. These new parameters were chosen bqgecause a voxel size of 50pm provided
sufficient resolution (150pm) for detecting the minimum size defect.

The alignment process for the travelers followed the same procedure as the one used
for the mounts, with an additional step required to achieve correct rotational align-
ment. Specifically, two manually generated reference lines were created to align with
the engraved number "4" and "2" on the top surface of the cylinders. Figure 3.23
shows the example of the S-4 traveler. This was necessary due to the absence of

40



3. Material & Methods

other distinctive reference features in the point cloud and enabled more accurate
rotational positioning.

Scene coordinate system
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Figure 3.23: Example of the engraving used for rotational alignment of the
travelers

To enable the image processing script to generate a point cloud for the travelers, the
clustering step had to be removed, as it prevented any defect detections from being
made. Additionally, a separate analysis was performed on the S-2 Limited and S-4
Limited travelers using an adjusted set of parameters for the analysis. In this case,
a minimum pore size threshold of 180 um was applied to focus on larger porosities.

3.9.2 Defect density

To further understand the distribution defects detected during the LPBF process,
a defect density analysis was performed using tools in VGS. The goal of this step
was to identify whether the investigated regions within the demonstrator differed in
porosity concentration, which may suggest localized process instabilities or recurring
sources of error during printing. For each segmented region, a defect density metric
was extracted, expressed as the volume of indications per cubic millimeter.
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Results

This chapter presents the results obtained from the image processing script, XCT
analysis, digital comparisons and the validations performed on the demonstrator
and traveler components.

4.1 Process Monitoring Data Analysis

The OT image processing script, detailed in Section 3.4, generated a point cloud
consisting of 6085 indications throughout the demonstrator. These indications were
identified based on rapid intensity changes in the gray value for each layer, which
could suggest the presence of defects. The coordinates of each point were recorded
and visualized in a 3D cluster as shown in Figure 4.1, which shows all the potential
location of the defects.
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Figure 4.1: Point cloud of entire demonstrator generated from the MATLAB
script

From this initial data, regions of interest were visually and quantitatively identified
by locating areas with the highest concentration of points, as this could suggest
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more actual defects being present. The Laplacian of Gaussian (LoG) and erosion
filters were used to suppress minor noise and emphasized significant local maxima,
which could indicate a defect being present.

From the resulting point cloud, areas of interest were visually identified by locating
regions with the highest point density, as these were assumed to indicate a higher
concentration of defects. These areas were then selected for further analysis.

4.1.1 Identified areas of interest

As shown in Figure 4.2, most of the filtered indications were concentrated around
the two mounting structures and the top layers of the demonstrator.

Point Cloud A: All Persiste 2, A =] @& " @ C }

Figure 4.2: Point cloud from which areas of interest were identified

The mounts as well as the top part of the demonstrator were identified as primary
areas of interest for further analysis due to their substantially higher density of
anomalies. These findings were used as the basis for subsequent comparative eval-
uations using XCT scan data to investigate the presence of actual porosities, as
mentioned in Section 3.8.

4.2 Porosity Analysis via XCT

The XCT scans were analyzed using the VGEasypore module in VGSTUDIO MAX
to evaluate internal porosity. The porosity analysis module was applied to the
entire reconstruction of the two mounts and was analyzed separately. The module
then generated two separate lists of information for each one of them. These lists
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included information such as the total number of porosities identified in the XCT
scan, exact coordinates, size of the pores and sphericity. This information was
subsequently visualized using the software, where both mounts were displayed in 3D.
The generated porosity points were then overlapped within the mount geometries,
allowing for clear visual representation of the internal defects, as shown in Figure
4.3.

Figure 4.3: Porosity distribution identified through XCT analysis.

The porosity analysis of the different parts provided valuable insights as it was
based on actual porosities detected within the components. From this analysis,
information regarding the number of porosities, location and pore size of the defects
could be extracted. Table 4.1 presents the total number of porosities identified in
each part during the XCT scan, along with the corresponding minimum pore size
thresholds applied in the analysis for each case.

Table 4.1: Porosity statistics for segmented parts.

Sample ID | Porosities identified | OT points | Min. pore size (um)
Mount 1 3595 1231 90
Mount 2 3833 1649 90
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4.3 Correlation Between In-Process Monitoring
and XCT Results

As mentioned in section 3.9 additional geometrical filtration was made to the OT
point cloud produced by the script, it was made to reduce the areas of indications to
only include the mounts and disregard other parts of the demonstrator. The amount
of indications in the point cloud was thus reduced to a total of 2562 points for both
mounts. The physical defects identified through XCT scanning were subsequently
compared with the indications from the OT based point cloud. This comparison
was achieved by aligning both point clouds within the software environment and
ensuring that they shared a common coordinate system, the two point clouds can
be seen in Figures 4.4 and 4.5. The alignment procedure is described in more detail
in Section 3.7.1.
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Figure 4.4: Isometric comparing view
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Figure 4.5: Top comparing view
From the correlation analysis, the result was a ~3% correlation of the pores found
via XCT with the identified points from the OT images as seen in Figure 4.6. This

result was based on a 0.7 mm threshold, which means that every point that matches
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between the two point clouds within 0.7 mm in any direction of another is a match.
Further statistics on the sizes and heights of the defects can be seen in Figures 4.7a

4.7b

-—— Porosity to Point Cloud Comparison --—-—
Total points in point cloud: 2880

Total porosity points (combined): 2204

Matches found (tolerance 0.70): 71

Percentage of porosity points matched: 3.22%
Percentage of point cloud points matched: 2.47%

Figure 4.6: Match statistics for demonstrator mounts.
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(a) Indication sizes for mounts (b) Indication distribution for mounts

Figure 4.7: Graphs related to mount indications

4.4 Validation on simpler geometry

The same methodology was applied to the traveler samples, with the addition of a
pore size threshold where only porosities with a minimum diameter of 180 um were
considered in the XCT-based analysis. These new pores were then compared with
the defect indications identified from the OT images of each traveler, see Figure 4.8.
The purpose of this comparison was to validate the detection method and to evalu-
ate whether defects are more easily identifiable in simpler geometries. The resulting
data for the travelers are presented in Table 4.2 and Figures 4.9, 4.10a and 4.10b.
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Figure 4.8: Final alignment of the traveler

Table 4.2: Porosity statistics for travelers

O 990800 5 =6 o

Sample ID Porosities identified | OT points | Min. pore size (um)
Cylinder S-4 5341 1787 90

Cylinder S-2 Limited 443 270 180

Cylinder S-4 Limited 395 1787 180

——— Porosity to Point Cloud Comparison ---
Total points in point cloud:

Total porosity poilnts

Matches found

(combined) :
(Colerance 0.70):

1709
395
155

Percentage of porosity points matched: 39.24%
Percentage of point cloud points matched: 5.07%
First 5 matches:

Figure 4.9: Correlation statistics for cylinder S-4 Limited.
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(a) Indication sizes for S-4 traveler
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(b) Indication distribution for mounts

Figure 4.10: Graph of indication distribution for S-4 traveler

4.5 Summary of Findings

A summary of the correlation between the identified indications based on OT and
the porosities detected by XCT scanning is presented in Table 4.3. The table also
presents the percentage of matching porosities between the two point clouds, as well
as the proportion of total matching points.

Table 4.3: Correlation of porosities and points

Part Points OT | Points XCT | Matching Porosities | Matching points
Mounts 3160 2204 ~3% ~2%
Mounts, no clustering 86793 2204 ~70% ~2%
Cylinder S-4 1787 5341 ~20% ~T%
Cylinder S-2 Limited 270 443 ~2% ~3%
Cylinder S-4 Limited 1787 395 ~39% ~9%

In addition to the porosity comparison, a defect density comparison was also per-
formed and Figures 4.11 and 4.12 illustrates the result.

Material
Material volume [mm?]

Indication volume [mm?]

Ratio indication volume/total volume [%]

(a) Mount 1

Material

53844.28516 Material volume [mm?]

2.51850
0.00

Indication volume [mm?]

Ratio indication volume/total volume [%]

(b) Mount 2

Figure 4.11: Defect density of the mounts

55880.06641
212611
0.00
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Material Material

Material volume [mm?] 9365.78613 Material volume [mm?] 9321.34082

Indication volume [mm?] 1.59204 Indication velume [mm?] 1.32051

Ratio indication volume/total volume [%] 0.02 Ratio indication volume/total volume [%] 0.01

(a) Traveler S-2 (b) Traveler S-4

Figure 4.12: Defect density of the travelers
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Discussion

This chapter discusses the significance of the results presented in Chapter 4, and the
findings are interpreted in relation to the research questions, highlighting limitations.
Furthermore, a comparison with an alternate method is made after a discussion with
an expert in the field, looking at differences between the two methods and how they
produce different results. Finally, opportunities for further work.

5.1 Evaluation of Process Monitoring Methods

The detection method showed approximately 3% accuracy in identifying true in-
ternal defects (true positives) when comparing the porosity analysis to the point
cloud and 2% accuracy when comparing the point cloud to the porosity analysis
instead. The reason for the difference in value was due to the different sizes of the
two lists of coordinates. These results indicate that only a very small portion of
actual defects observed by XCT were successfully predicted using the in-situ OT
based image processing script. In addition, the low accuracy suggests that the code
frequently flagged regions as defective when no corresponding defect was found in
the XCT scan, resulting in a high rate of false positives.

This outcome highlights a significant limitation in the current detection approach.
Although the methodology based on Laplace of Gaussian filtering and threshold-
ing of OT images was effective at identifying high intensity thermal anomalies, it
did not have the power to differentiate between process noise, false indications and
defect-inducing spatter events. As a result, many of the identified areas did not
translate into physical defects and many actual defects were completely missed.

Several factors may contribute to uncertainties throughout the process with the cur-
rent method, the first one is the fact that there may be a mismatch in spatial res-
olution and depth. OT captures only surface-level thermal activity per layer, while
many internal defects form due to subsurface dynamics, especially in thicker sections
of the part. Secondly, the time-layer mismatch could be another cause. Pores may
result from cumulative process variations or thermal build-up not isolated to a single
OT frame, making detection difficult in a snapshot per layer. Another problem is
the thresholding limitations. The various thresholds used throughout the filtration
process may have been insufficiently optimized, leading to a large number of false
detections. Noise amplification through the filtering process could also contribute,
particularly erosion and LoG, may unintentionally highlight thermal gradients unre-
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lated to physical flaws, such as edges or overhang transitions. Finally, OT pixel size.
The size of the pixels on the OT images are 0.125 mm, meaning that any defect or
deviation that does not present itself significantly on one or over several pixels will
not be detected.

During a discussion with an expert in the field after the analysis had been per-
formed, it was suggested that an entirely alternative methodology could potentially
improve the correlation between OT-based indications and actual porosities. Specif-
ically, adjustments to data alignment for validation, and filtering used in the image
processing were highlighted as areas for improvement. For data alignment, it was
suggested to not implement an automated approach to compare both data sets, as
the current method does. Instead, manually compare the known clusters of indica-
tions with each other to validate the discovered indications. The suggested changes
in the filtering method enabled this further. The changes discussed included the
use of a different type of OT images, which would enable a method to identify the
characteristics of the printed surface. Then, use this as the way to define defects,
in addition to erosion filtering. This perspective supports the idea that the current
approach is limited in its ability to capture true defects with high precision, even
though it utilizes approved methods. Changing the method accordingly in future
work could enhance the reliability of the process and lead to more accurate correla-
tions.

As mentioned, the low correlation values underscore the need for improvements in
the data analysis method. As the analysis of travelers showed, the large difference in
the amount of detections did not correlate with the volume density of the defects in
the parts analyzed. Moreover, the method could include more dynamic or adaptive
thresholding throughout the OT analysis that looks at characteristics of indication
like the expert had suggested, to reduce false detections.

5.2 Interpretation of Porosity Results

The porosity analysis through XCT scanning did reveal that pores existed in areas
predicted by OT analysis to have a large amount of defects, although they did not
share exact coordinates. Just as there were false positives, some porosity areas were
found in regions where no previous anomalies had been detected, possibly due to
limitations in the OT resolution or the timing of spatter formation and melt pool
solidification, or due to uncertainties in exact coordinates because of the many un-
certainties in the alignment process.

Just as there are false detections in the OT script, one type of defect that is de-
tectable through XCT, yet does not produce clear indications in the OT data, is
inhomogeneities within the powder bed. Since the mount corner parts, the mount
samples furthest to the edges, were scanned using a different voxel resolution, the
number of defects identified varied with other mount samples. This resulted in them
having more small XCT detections than the remaining parts. Had they not been
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removed from the comparison, it would have greatly affected the result, as a large
number of small defects are not detectable in the OT analysis and could negatively
impact the correlation result. Apart from the mentioned porosity related causes, a
full list of limitations related to the whole project can be found below in Section 5.3.

Furthermore, the defect density analysis performed on both the demonstrator mounts
and traveler cylinders in the VGS software showed that no significant variation in
the amount of defect density was found between the different areas investigated.
This is further confirmation that the used method is unreliable and using a fully
automated OT analysis script to find defects is no certain way of finding defects,
as the script had a large difference in the amount of defects found throughout the
different samples.

5.3 Limitations of the Study

During the study several challenges were faced, limiting the results. These limi-
tations arise from both the experimental setup and methodological choices made
throughout the project. These limitations should be highlighted for the benefits of
future work or refinement. The following sections describe the key limitations re-
lated to data acquisition, image processing, physical alignment, and overall project
scope.

5.3.1 Image processing and detection challenges

The image processing script was designed to detect rapid changes in pixel intensity
within the optical tomography images. While this method is effective in highlight-
ing potential defect indications, it also introduces the risk of false positives, where
non-defective features are mistakenly classified as defects. These inaccuracies may
arise due to several factors, including the sensitivity of the applied thresholds or the
presence of bright spots unrelated to spatter. Both the intensity and area thresholds
play a critical role in detection accuracy. A low intensity threshold may result in
a higher number of detections, but also increasing the likelihood of false positives
being identified. While a threshold set too high may fail to capture actual defects,
leading to false negatives. Similarly, the area threshold used during image process-
ing also influences detection accuracy. A threshold set too narrowly may overlook
defect indications that span slightly larger regions, leading to missed detections.

5.3.2 Alignment and segmentation limitations

The XCT scanner used in this study imposed limitations on the size of the parts
it could analyze, necessitating destructive segmentation of the demonstrator. Al-
though segmentation allowed for more accurate XCT scanning, particularly impor-
tant for high-density materials such as Inconel 718, it also introduced several chal-
lenges in data reconstruction and alignment. Due to segmentation, parts had to be
virtually reassembled within the analysis software to enable a complete evaluation.
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This reconstruction step introduced multiple sources of potential errors.

Accurate alignment of the scanned parts was critical to ensure reliable results. Al-
though the Volume Graphics software provides very good alignment tools, achieving
high precision was challenging due to several factors. One key issue was the loss of
material during the cutting process. As described in Section 3.7.1, an offset plane
was introduced to compensate for the removed material. However, the cutting pro-
cess did not produce perfectly parallel surfaces, leading to variations in the thickness
of the removed sections. As a result, the applied offsets did not always accurately
reflect the actual loss of material on the entire surface, requiring manual correction.

These manual corrections involved translational and rotational adjustments, which,
despite best efforts, could not guarantee a perfectly accurate realignment. Moreover,
after the physical segments were aligned, the OT point cloud generated from the
image processing script also needed to be aligned to the reconstructed 3D model.
Since the point cloud lacks a defined surface, the software performed the alignment
automatically using geometric feature-based matching. Although these tools are
effective, they rely on identifying similar features between the point cloud and the
reference geometry, features that may not always match precisely. This introduces
an additional source of potential misalignment and contributes to the overall uncer-
tainty of the correlation between detected indications and XCT results.

Furthermore, aligning the cylinders with simpler geometries also required an addi-
tional method to ensure correct rotational positioning of the point cloud. As de-
scribed in Section 3.9.1, this involved manually generating reference lines to match
the text inscribed on the top surface of the cylinder, which helped to achieve the
correct rotational alignment. However, similar to the approach used for the mounts,
this method introduced uncertainties regarding the overall alignment accuracy and
the final result.

5.3.3 XCT and Post-Processing Constraints

Although segmentation of the demonstrator improved the scan quality by allowing
smaller parts to be imaged with higher resolution, it also made it impossible to
assess the entire engine mounts in a single XCT scan. To maximize detail, the
voxel size was reduced for the smaller segmented parts, which increased both the
scan times and the volume of data generated. Due to the extended scan durations
and the overall time constraints of the project, it was decided that only the mounts
would be scanned and analyzed, while the top section of the part was excluded.
This reduction in the total scanned area may have influenced the completeness of
the results. However, based on the high density of defect indications identified in
the mounts through the MATLAB script, it was considered that focusing on these
areas would be sufficient to meet the objectives of the study.
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5.3.4 Scope limitations

As mentioned in Section 1.4, there were certain scope limitations for this project.
These limitations included only focus on stochastic spatter generated defects, only
using Inconel 718 as material and use the EOS M290 for in-process monitoring.

All in-situ monitoring data were obtained using an EOS M290 LPBF system. Since
all OT data were precollected, these parameters could not be affected during the
project and only the MAX imaging could be used.

5.4 Future Work

One potential direction for future work is to improve the image processing script by
incorporating a machine learning algorithm, such as a Convolutional Neural Net-
work (CNN). The current approach is based on a more traditional image processing
technique such as the Laplacian of Gaussian filtering, which risk producing false
positives and may struggle with varying defect shapes, sizes, or noise levels.

Moreover, while machine learning could be a useful next step for improving defect
detection in OT data. It might work especially well for certain types of defects
such as keyholes or lack of fusion, where patterns are easier to spot. However, these
methods need a lot of high-quality labeled data to learn from, which can be time-
consuming to gather.

Another important step would be to further validate the use of OT images for defect
detection by testing the approach on different materials and LPBF systems. This
would help determine whether the method can be used generally and is reliable
across various setups, rather than being limited to specific conditions.

Another direction for future work could be to incorporate Melt Pool Monitoring
(MPM) data into the defect detection process. Unlike OT, which captures images
layer wise, MPM provides real time insights into the thermal behavior of the melt
pool during the build process. By analyzing the melt pool dynamics, it could be
possible to directly correlate process irregularities with the formation of defects such
as keyhole pores or lack of fusion [100].

MPM could contribute to a deeper understanding of the process by allowing analy-
sis of melt pool dynamics and enabling correlations between thermal signatures and
process parameters such as scan speed and laser power. This insight could support
more effective parameter optimization strategies and help develop robust defect de-
tection systems that generalize across materials and LPBF machines.

Currently, the alignment is highly sensitive to errors due to noise, distortions, or lack
of reference points in the OT data, making it difficult to achieve a precise match in
the software. As the match is not precise, the current method also relies on manual
alignment of the parts. This misalignment can significantly affect the accuracy of
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the defect location and the overall analysis.

To address this, future work could focus on developing or integrating a tool that
saves reference points directly from OT data during the build process. By using
these reference points, such as known surfaces or edges, it would be easier to align
the OT point cloud with the corresponding CAD model or 3D mesh. This improved
alignment capability could help bridge the current gap in the lack of reliable data
points and lead to more reliable and accurate defect detection results and could be
the reason why such a low correlation was achieved in this study.
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Conclusion

This thesis has evaluated the possibility of using OT image data for the detection of
internal porosities due to spatter in parts manufactured using LPBF. Additionally,
some validation steps were used to ensure the reliability of the result and the method
itself.

6.1 Correlation of OT images and defect detec-
tion

The aim of this thesis was to evaluate whether in-situ monitoring data, specifically
from Optical Tomography (OT), could be used to predict and localize defects in
metal parts produced using the Laser Powder Bed Fusion (LPBF) process. The
demonstrator component, manufactured using Inconel 718, was analyzed through a
combination of image processing, XCT scans, and data comparisons.

From the results in Chapter 4 it is clear that OT images can not be used to accu-
rately detect defects during the LPBF process. The results suggest that only 3% of
the points of interest found in OT was actual defects based on the porosity analysis
from the XCT scan. However, it was also clear that it was possible to achieve a
higher correlation of matching porosities if the clustering between multiple layers
was removed. This, on the other hand, allowed the possibility of including more
false positives as the matching points only were 2%.

Furthermore, the validation steps provided a slightly better result with a porosity
value matching of 2-39% depending on the traveler analyzed and the chosen param-
eters. In the best case Cylinder S-4 with a limitation parameter of only allowing
pores with a minimum diameter of 180 um achieved a correlation of 39% when com-
paring porosities to the point cloud, however, it still had a correlation value of only
9% when comparing the point cloud to the porosities. Since the same method was
applied across all traveler segments, the higher correlation in Cylinder S-4 may sug-
gest that parts with more complex geometries produce defects that are more difficult
to detect using the OT method, either due to limitations in the image processing
approach or challenges in achieving accurate alignment.

However, as mentioned in Section 5.1, similar studies done on the topic have shown

higher correlations using different methods. Which could suggest that the image
processing script is not effective enough. By optimizing the first step of the process,
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the possibility of achieving a higher correlation could be possible.

The study shows that with the method used and the constraints and limitations
mentioned, OT images can not be used to accurately identify defects generated by
spatter (RQ1).

OT image processing and analysis using the method presented in this project has
several limitations in detecting internal porosities in LPBF. A major challenge is the
low correlation when directly comparing the OT indication point cloud to the XCT
defect coordinates, mainly due to the large number of false positive OT detections,
stemming from the way the script notices indications and the difficulties in tuning
all parameters and thresholds. In addition to this, OT has a lower resolution than
XCT and an inability to capture defects caused without a change in heat signa-
ture. On top of this, there are big challenges in the alignment process once the two
analyses have been completed. To address these issues, the study suggests using
another type of OT images, or a combination of variants of OT data, that capture
not only the maximal heat signature of a pixel. In addition, using more adaptive
thresholding when analyzing the OT data and implementing machine learning as a
way to classify defects directly from the OT. Finally, implement a method to create
reference points directly in the OT data for a more accurate process to align OT
indications to known defects (RQ2).

6.2 Final Remarks

To summarize, this thesis shows that the current method used for predicting defects
using OT images is not sufficient to achieve a high level of correlation with actual
porosities. The combination of constraints and limitations, and a basic image pro-
cessing script contributed to a low accuracy in identifying true positives. However,
with improvements to the image processing algorithm and by incorporating the rec-
ommendations outlined in Section 5.4, the potential for this approach to become
more reliable and accurate could be significantly enhanced.
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