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ABSTRACT

Additive manufacturing offers a promising method for creating intricate shapes
using different materials, with steel components typically used for high-strength
applications due to their great strength and fatigue resistance. However, the
initial cost of equipment and production makes additive manufacturing for metal
expensive. A novel technique called Material Extrusion Additive Manufacturing
has recently been proposed to address this issue.

This master thesis aims to explore the potential of producing stainless steel 316L
using the MEAM technique while maintaining mechanical properties comparable
to conventionally manufactured specimens. The study involves printed specimens
using a composite filament composed of 3161 powder particles and a polymer
binder, with subsequent post-processing steps, such as debinding and sintering,
are required to obtain the final printed parts. The project encompasses the pro-
duction of specimens, characterization of the printed product, material analysis,
and mechanical testing.

The mechanical properties of the printed specimens obtained through the MEAM
process demonstrate room for improvement, highlighting a knowledge gap in un-
derstanding the influence of process parameters on porosity, density, microstruc-
ture, and resulting mechanical properties.

By conducting a comprehensive analysis of particle size distribution, surface rough-
ness, defects and porosity distribution, grain size, microhardness, finite element
simulations, fracture tests, tensile testing and fractography, valuable insights are
gained into the mechanical behavior of the printed specimens. The findings indi-
cate opportunities for optimizing printing parameters, and material characteristics
to improve the mechanical properties, such as strength, ductility, and load-bearing

capacity of the printed stainless steel 316L parts.



SAMMENDRAG

3D-pinting tilbyr en lovende metode for a skape komplekse former ved bruk av
ulike materialer, der stalkomponenter typisk brukes i applikasjoner som krever hgy
styrke pa grunn av deres store styrke og motstand mot utmattelse. Imidlertid gjgr
de innledende kostnadene for utstyr og 3d-printing produksjon av metall kostbar.
En innovativ 3d-printingsteknikk har nylig blitt foreslatt for a adressere denne
utfordringen.

Denne masteroppgaven har som mal a utforske potensialet for a produsere rustfritt
stal 316L ved bruk av MEAM-teknikken samtidig som mekaniske egenskaper som
er sammenlignbare med konvensjonelt produserte prgver opprettholdes. Studien
innebeerer 3d-printede prover ved bruk av et komposittfilament bestaende av 316L-
pulverpartikler og et polymerbindemiddel. Med etterfglgende videre avbinding og
sintring, er ngdvendige for & oppna de endelige 3d-printede delene. Prosjektet
omfatter produksjon av prgver, karakterisering av det 3d-printet produktet, ma-
teriellanalyse og mekanisk testing.

De mekaniske egenskapene til de 3d-printede prgvene oppnadd gjennom MEAM-
prosessen viser et potensial for forbedring, og peker pa et kunnskapsgap nar
det gjelder & forsta innvirkningen av prosessparametere pa porgsitet, tetthet,
mikrostruktur og resulterende mekaniske egenskaper.

Ved a gjennomfgre en omfattende analyse av prgveforberedelse, partikkelstgrrelses-
fordeling, overflate-ruhet, defekter og porgsitetsfordeling, kornstgrrelse, mikro-
hardhet, endelige element-simuleringer og trekktesting, oppnas verdifulle innsikter
i den mekaniske atferden til de 3d-printede prgvene. Funnene indikerer muligheter
for & optimalisere printeparametere og materielle egenskaper for a forbedre de
mekaniske egenskapene, som styrke, duktilitet og baereevne til de 3d-printede rust-
frie stal 316L-deler.
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CHAPTER
ONE

INTRODUCTION

1.1 Motivation and Scope of Work

As a Material Science and Engineering student, my fascination with the potential
of additive manufacturing to revolutionize the manufacturing industry has only
grown stronger over time. The ability to create intricate shapes using different
materials has the potential to not only improve efficiency and reduce waste but
also usher in a new era of product design and manufacturing.

However, despite its many advantages, the high cost of equipment and production
has limited the widespread use of additive manufacturing for metal components.
This has lead to a particular interest in the Material Extrusion Additive Man-
ufacturing (MEAM) technique and its potential to reduce the cost of producing
high-strength steel components using 3D printing.

Stainless steel 3161 stands out among the various materials due to its widespread
use in the manufacturing industry and its excellent mechanical properties. Ex-
ploring the potential of MEAM for producing stainless steel 316L. with compa-
rable mechanical properties to conventionally manufactured specimens can help
bridge the knowledge gap in the influence of process parameters on mechanical
properties.

This master’s thesis represents a unique opportunity to apply knowledge and skills
toward the development of cost-effective and sustainable manufacturing processes.
As an aspiring engineer, the goal is to make a positive impact in the manufacturing
industry and contributing to the development of innovative solutions that can help
shape the future of manufacturing.

The thesis comprises several chapters that delve into various aspects of the re-
search. As an introduction, chapter 1, provides an overview of the subject matter,

research objectives, and the significance of the study. A short and comprehensive



2 CHAPTER 1. INTRODUCTION

literature review on Fused Deposition Modeling (FDM) is presented, exploring its
principles, applications, and advancements in the field. Moving forward, chap-
ter 2, focuses on the theoretical framework, offering an in-depth analysis of the
mechanical properties of 316L stainless steel. In chapter 3 the methods and appa-
ratus employed in conducting the tests and experiments conducted for this thesis
are outlined, ensuring transparency and replicability. The subsequent chapter,
chapter 4, showcases the results obtained from the conducted tests, offering de-
tailed analysis and interpretation. The chapter 5, also engages in a comprehensive
discussion of the findings, highlighting their implications and potential avenues
for future research in the form of Further Work. In chapter 6, the thesis con-
cludes with a concise summary of the key findings, reiterating their significance
and contribution to the field. Additionally, the appendix, located after Chapter
6, section 6.1 contains supplementary materials such as tables and images that
enhance the understanding and support the content presented throughout the

thesis.
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1.2 Background: MEAM and FDM

Material extrusion additive manufacturing (MEAM) is a revolutionary 3D print-
ing technique that involves the extrusion of material layer by layer to create a
3D object. The process uses a computer-controlled extrusion nozzle that deposits
successive layers of material onto a build platform, which can be used to cre-
ate complex custom objects that are challenging or impossible to produce using
traditional manufacturing methods [1].

Fused Deposition Modeling (FDM) is a type of MEAM that has gained popu-
larity for its versatility and cost-effectiveness. This process involves heating and
extruding a thermoplastic or composite filament, through a moving print head
to create the desired shape. By depositing layers of material, the print head can
move in three dimensions and create intricate designs. FDM is an intriguing and
innovative manufacturing technique that has the potential to produce an array of

products, including prototypes, models, and functional end-use parts [2| [3].

Constitutive materials Mixing Extrusion

Metal powder

Binder polymers — :

*‘ Additive RR X L )

L

Backbone  \-Soluble components Filament

v

3D printing Solvent debinding Thermal debinding
and sintering
iy

D) — . I.

Figure 1.2.1: Process illustration [4].

MEAM is the adaption of FDM to metal production because the filament is com-
posed of a polymeric matrix and metal powder dispersed in it section 1.2.1. MEAM
consists of three phases. The first phase involves the extrusion of the metal fila-
ment in an FDM printer, moreover in section 1.2.1 , resulting in a green part made
of a powder and binder system. The specimens then undergo a debinding process
to remove the polymeric binder, creating a brown part. Finally, the packed metal
powder undergoes a sintering process where the powder bonds together as a result
of a thermal cycle. For metallic filaments, debinding and sintering are part of the

post-operation process. The final product is often referred to as the "silver part"
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at the end of the three phases [5] [6].

MEAM has the potential to revolutionize metal manufacturing by enabling the
creation of complex objects with unprecedented precision and flexibility. Its ap-
plications are extensive and range from aerospace and automotive industries to

biomedical engineering and consumer products [3][7][8].

1.2.1 Filament

Filament-based 3D printing technologies, including FDM, are based on the extru-
sion of a thin and lengthy strand of material called a filament, fed into the nozzle.
The extrusion nozzle then melts the filament and deposits it layer by layer onto
the build platform, forming the final product. Filaments used in FDM can be
made from a diverse range of materials, such as ABS, PLA, and PETG [9] [10].

Filament-based FDM, also known as Fused Filament Fabrication (FFF), is widely
used due to its safety, simplicity, and affordability. As mentioned before, MEAM
typically involves a two-component filament composed of high-consistency metal
powder dispersed in an organic multi-component binder polymer. This method
enables the production of metal parts using a 3D printer, which eliminates the

need for costly and time-consuming metal casting or machining processes [8|.

The type and volume fraction of metallic powder content in the filament plays a
critical role in determining the final printed part’s density, mechanical properties,
and tribological properties. Studies have shown that an increase in the volume
fraction of metal powder typically leads to an increase in the density of the printed
part. The composition of the metal powder and binder can be challenging to
balance, as seen in the case of PLA and Ni-Cu gas-atomized powders used for
feedstock production [8] [3] [11].

In order to achieve the desired properties of the printed parts, it is essential to
carefully consider the volume fraction and type of metallic powder content used
in the filament. Researchers have explored various approaches to improve the me-
chanical and physical properties of 3D-printed metal parts. For example, a study
conducted by Chawla et al. in 2021 found that adding graphene nanoplatelets to
copper filament can significantly enhance the mechanical properties of the printed

parts, including an increase in strength, stiffness, and toughness [12].
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1.2.1.1 Powder Fraction

Regarding material extrusion techniques like FDM, there are a few options for
feedstock, including filament, pellets, and rods. While filament-based extrusion
is common, pellet-based extrusion has a few advantages. It requires less pre-
processing and uses a vertical single-screw extruder with feeding ports and heaters,
which makes it more efficient overall. In contrast, rod-based extrusion involves
using a plunger to push feedstock to the nozzle, which can lead to lower accuracy
during the start and end of the printing process [13] [14] [15].

The powder fraction, a key parameter that represents the proportion of powder to
binder material within the filament, holds significant influence over the properties
and characteristics of the final product. This pivotal factor allows manufactur-
ers to finely tune the powder fraction, enabling the creation of a diverse array of
products with distinct densities and mechanical attributes. Within the realm of
MEAM, an assortment of metal powders, such as aluminum, cobalt, nickel, stain-
less steel, and titanium-based alloys, is commonly employed. These materials ex-
hibit exceptional strength, corrosion resistance, and robustness when transformed
into intricate parts [16] [17]. Noteworthy options like stainless steels 316L and
17-4 PH are favored due to their exceptional weldability, while Ti-6A1-4V stands
out for its remarkable biocompatibility, garnering acclaim in the realm of medical
applications [18].

A recent study conducted by Magnus Wagner in 2022 revealed that the filament’s
composition can significantly affect its properties, especially the binder strength
and feedstock rheology, [4]. Wagner’s research gradually replaced TPE with PE70
in the feedstock mixture and discovered that the binder strength increased, but
the filament became more brittle and prone to failure during mechanical testing.
Additionally, the feedstock’s rheology was observed to decrease in viscosity and
stress levels for higher values of PE70. These findings emphasize the importance
of carefully controlling the powder fraction to guarantee the desired properties
and characteristics of the final product [19] [20] [19] [21] [22] [23].

1.2.1.2 Binder

The binder material is a critical component of the MEAM process, serving as the
adhesive that binds the powder particles together to form the desired filament. A
typical binder composition comprises three main components: the primary mate-
rial, the backbone, and various additives, with the proportions of each component
determining the green part quality and thus the final properties of the printed spec-
imens [4]. The primary material refers to the main substance that constitutes the
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binder composition. It is responsible for providing the adhesive properties required
to bind the powder particles together during the MEAM process. The selection of
the primary material depends on the specific application requirements, such as the
desired strength, flexibility, or other desired characteristics of the printed speci-
mens. The backbone component serves as the structural foundation of the binder
material. It imparts stability and strength to the composition, ensuring that the
printed filament maintains its shape and integrity during the extrusion process.
The backbone contributes to the overall mechanical properties of the printed spec-
imens, such as tensile strength, elongation, and impact resistance. Additives are
supplementary components included in the binder composition to enhance spe-
cific properties or functionalities. These additives can impart desirable traits such
as improved adhesion, reduced shrinkage, increased flexibility, enhanced thermal
stability, or even specific chemical or mechanical properties. The selection and
proportions of additives are carefully determined to achieve the desired character-

istics in the final printed specimens [24].

In recent research, the minimum amount of backbone polymer required for stable
binders was investigated. In a study conducted in 2021, the backbone polymer
fraction in a binder containing soluble TPE and PE3 backbone polymer was grad-
ually reduced in each experiment. The results showed that specimens began to
crack during the debinding process when the backbone polymer fraction was be-
low 7.5 vol.%, highlighting the importance of the proper balance of components
in binder composition [25] [11].

Polylactic acid (PLA) is a popular binder material due to its biodegradability, ease
of processing, and good mechanical strength, despite its high brittleness. However,
researchers in a different study found that a composite filament of TPS and PLA
exhibited lower toughness, making it less cost-effective. To improve the filament’s
mechanical properties, they added a chain extender, resulting in an increase in

both melting temperature and cold crystallization temperature [25].

In addition, a research group explored the use of various granulometric expanded
perlite microspheres and the percentage amount in an Acryplonitrile Butadiene
Styrene (ABS) composite filament. They found that the printing process was
significantly influenced by the filler content, with a maximum percentage of 20,
producing a fine perlite filament with thermal insulating properties. These findings
demonstrate the potential for incorporating different types of filler materials in

binder compositions to achieve unique filament properties [26] [27].
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1.3 The Process

The process to obtain the final 3D printed parts consists of three distinct phases,
each requiring precise control of various parameters and considerations. These
phases are essential in achieving the desired properties and functionality of the
final components. In the following sections, each phase is individually presented,

and its specific parameters and factors.

1.3.1 The Printing Phase

The printing phase begins with feeding the filament into a rotating feed roller and
pushing it towards the nozzle. This process involves heating the filament above
its melting point, which is a critical parameter as discussed in subsection 2.2. The
feedstock is then extruded from the nozzle and deposited layer by layer onto the
bed to create the desired object or specimen. However, some parts may require a
support structure, which needs to be manually removed [8|.

The printing process requires the use of a G-code, which is generated by slicing the
3D CAD model of the part using software such as Cura. The software also deter-
mines the path that the printer will follow while setting other printing parameters
such as the printing angle and layer thickness [8] [28].

Several studies have explored the optimization of the 3D printing process of metal
powder. For example, researchers have investigated the effects of nozzle tem-
perature, layer height, and printing speed on the microstructure and mechanical
properties of printed metal parts. It was found that adjusting these parameters
can significantly impact the final quality of the printed part, with higher nozzle
temperatures resulting in improved densification and strength, while lower layer
heights lead to better surface finish and improved fatigue resistance.

In another study, Sun et al. (2020) investigated the effect of different nozzle diam-
eters, layer thicknesses, and printing temperatures on the mechanical properties of
stainless steel 316L parts printed using FDM. They found that changing the nozzle
diameter and layer thickness can significantly impact the mechanical properties of
the printed part, with smaller nozzle diameters and layer thicknesses resulting in
improved mechanical properties. The researchers also found that increasing the
printing temperature led to an increase in the elongation at break and a decrease
in the ultimate tensile strength of the printed parts [29].

Lu et al. (2021) developed a new feedstock material with a higher packing den-
sity, resulting in improved mechanical properties and reduced porosity in the final
printed part. They demonstrated that their feedstock could achieve a tensile
strength of 607 MPa, which is higher than the typical range of 400-500 MPa for
316L stainless steel printed using FDM [27].
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1.3.2 Debiding and Sintering

Powder-based manufacturing methods, such as MEAM, require two key processes:
debinding and sintering.
Debinding and sintering are critical processes in the 3D printing of metal compo-

nents, and their optimization is essential to achieve the desired final properties.

Debiding

Debinding involves removing the binder material from the 3D-printed object, leav-
ing only the powder particles behind to prepare it for sintering. This can be
achieved through a combination of mechanical, chemical, and thermal processes,
including thermal debinding, which involves heating the part to a high temper-
ature using a chemical solvent or catalytic processes. The temperature ranges
from 60 to 600°C, and stable temperature is required for a specific duration to
produce a brown part. The size, accuracy and porosity of the final object are
affected by the debinding process [17|. For example, studies have shown that the
debinding temperature can affect the degree of shrinkage in the final part, with

lower debinding temperatures resulting in higher shrinkage [4] [30].

Sintering

Sintering is the process of heating the debound powder particles to a high tempera-
ture, below the melting point, to fuse them together and create a solid, fully-dense,
and homogeneous object. During sintering, surface, lattice, and grain boundary
diffusion, as well as other mass transfer mechanisms, occur. The sintering tem-
perature, time, and atmosphere can significantly impact the final microstructure,
density, and mechanical properties of the component [31] [30].

Researchers have found that the sintering process affects the final object’s shrink-
age, with parameters such as the sintering atmosphere, heating rate, and sintering
time playing a crucial role. For example, a study conducted by Dayue Jiang in
2022 found that plate shrinkage on the side was larger than on the horizontal
direction, possibly due to gravity during sintering [8]. Additionally, post-sintering
treatments such as heat treatment, hot forging, or rolling can be employed to
enhance the final mechanical properties or tailor the microstructure to specific
applications. Moreover, surface finishing post processes play a crucial role in addi-
tive manufacturing. These processes involve various techniques such as polishing,
grinding, sanding, or chemical treatments to improve the surface quality, texture,
and appearance of the printed components. Surface finishing can also be used to
achieve specific functional properties like corrosion resistance, wear resistance, or

biocompatibility, depending on the desired application [30].
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2.1 Mechanical Properties and Characterization of
316L MEAMed Parts

This section explores the underlying principles and theories governing the mechan-
ical properties of 316L. MEAMed parts, including aspects such as tensile strength,
hardness, ductility, and fracture toughness. Additionally, it highlights the char-
acterization methods employed to evaluate these properties, providing a compre-
hensive understanding of the material behavior and performance of 316L stainless
steel parts produced through MEAM.

2.1.1 316L

316L is classified as austenitic stainless steel that boasts a distinctive composition,
making it highly resistant to sensitization and intergranular corrosion. This can
be attributed to its low carbon content, which enhances its mechanical properties,
including higher strength and ductility. The steel’s microstructure is typically
composed of austenitic grains with a face-centered cubic structure, while small
quantities of ferrite can be induced via cooling or mechanical deformation.

The typical tensile strength of 316L ranges from 485 to 620 MPa, with a corre-
sponding yield strength of 170 to 310 MPa. This high tensile strength indicates
the material’s ability to withstand significant mechanical loads and stresses. Fur-
thermore, 316L. demonstrates notable elongation values, with elongation at break
ranging from 40% to 60%, indicating its capacity to deform plastically before fail-
ure [32]. Ideally, stress—strain curves for ductile materials look like Figure 2.1.1.

In the curve, the absorbed Strain Energy Density (SED) gradually accumulates

9
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within the material until reaching the point of final fracture [33|. The Figure 2.1.2
plot represents the tensile test results obtained from Sondre Olsgybakk Kolstad’s
Master’s thesis titled "Structural Integrity of AISI 316L Fabricated via Material
Extrusion Additive Manufacturing’ [34]. In his thesis, dogbone-shaped tensile
specimens were directly 3D-printed on a horizontal orientation, also named flat.

The process parameters are the same used to print the specimens used in the

CHAPTER 2. THEORY

present work. This is presented later on in chapter 3.
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Figure 2.1.1: A typical stress-strain curve for a ductile material demonstrates
the relationship between tensile stress-strain. o, represents the yield point, oy is
the yield strength, and o, the ultimate tensile strength. ¥ is the equivalent strain
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The Figure 2.1.2 plot displays the relationship between nominal stress and nominal
strain for three different trials of tensile testing. Initially, all specimens exhibit
linear elastic behavior, where stress and strain are directly proportional. The
endpoints of the graphs indicate the fracture points of the specimens, marking the

point at which the material fails under the applied load.
The Vickers hardness of 316L typically ranges from 170 to 220 HV. This hardness

value indicates that the material is relatively hard and can withstand moderate
wear and tear [32].

The composition of 316L consists of various elements, including carbon (ranging
from 0 to 0.03%), chromium (16 to 18%), iron (61.9 to 72%), manganese (0 to 2%),
molybdenum (2 to 3%), nickel (10 to 14%), phosphorus (0 to 0.045%), sulfur (0 to
0.03%), and silicon (0 to 1%). These elements contribute to the unique properties
of 316L, including its high resistance to sensitization and intergranular corrosion,
as well as its excellent mechanical properties [32].

Given its unique properties, 316L is widely used across various industries, in-
cluding chemical processing, medical implants, and aerospace components. The
advent of sintering and 3D printing technologies has further expanded its potential
applications, offering new design possibilities and improved material properties.
To ensure its quality and reliability, 316L is regulated by various ASTM stan-
dards, including ASTM A240 [35|, for plate, sheet, and strip, ASTM A269 [36],
for seamless and welded tubing, and ASTM A276 [37] for bars and shapes.

When it comes to sintering or 3D printing processes, these can significantly impact
the microstructure of 316L. During sintering, the steel is heated to a temperature
below its melting point, causing the powders to fuse together through diffusion.
This sintered material then undergoes a cooling process to form a solid body, but
the microstructure can vary depending on the sintering temperature and time.
Studies have shown that increasing the sintering temperature can result in a larger
grain size but at the same time, it can help reduce the internal porosity, which
is beneficial for the mechanical properties. In general, the typical microstruc-
ture of sintered parts is isotropic, characterized by equiaxial grains. Additionally,
sintering at higher temperatures can lead to the formation of more intermetallic

compounds, which can improve wear and corrosion resistance.

To the contrary, additive manufacturing techniques such as powder bed fusion
(PBF) can lead to changes in anisotropic microstructure. The printing process
involves depositing layers of metal powders and selectively melting them using a
laser or electron beam. This results in the formation of elongated grains along the
building direction. The grains are usually small due to the rapid solidification.
Research indicates that the mechanical properties are dependent on the printing

parameters, such as laser power, scanning speed, and layer thickness. For example,
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increasing the laser power can result in larger grains and improved mechanical
properties, while decreasing the layer thickness can increase the surface roughness

and reduce the mechanical properties.

In terms of mechanical properties, sintered 3D-printed 316L can exhibit compa-
rable or even improved properties compared to conventionally processed 316L.
Studies have shown that sintered 316L can have a yield strength of up to 400 MPa
and an ultimate tensile strength of up to 700 MPa, depending on the sintering
temperature and time. Additionally, sintered 316L can exhibit good wear and
corrosion resistance. Similarly, 3D-printed 316L can exhibit a yield strength of up
to 550 MPa and an ultimate tensile strength of up to 800 MPa, depending on the
printing parameters. The fatigue behavior of 3D-printed 316L has also been stud-
ied, with results indicating that the material can exhibit good fatigue resistance

132].

2.1.2 Effect of Printing Parameters on the Mechanical Prop-

erties

The mechanical properties of 3D-printed final silver metallic part are critical to
their functional performance, and accurately characterizing these properties is

essential in guaranteeing that the end product meets the user’s requirements [38].

Research has shown that the mechanical properties of a 3D-printed object depend
on the printing parameters set in the slicing software, such as the printing angle,
layer thickness, fill rate, nozzle size, the melting temperature of the feedstock
material, and bed temperature. Additionally, the size of the components may
change during the printing process, leading to a need for careful consideration of

shrinkage, which can affect the final dimensions of the printed part [38].

To achieve the desired mechanical properties of a 3D-printed object, post-processing
techniques such as heat treatment may be required. Heat treatment can help to
increase the strength and toughness of the printed part by homogenizing its mi-
crostructure and by minimizing porosity. The debinding and sintering processes,
which are integral parts of the MEAM process, can also affect the mechanical
properties of the printed part. Researchers have found that the silver part experi-
ences shrinkage in both the x- and z-directions after sintering, and the shrinkage

in these directions differs due to interlayer gaps [38].
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2.1.3 Effect of Printing on the Materials Microstructure

In the case of 316L stainless steel, the microstructure is typically composed of
austenite and ferrite phases, which can be modified through the sintering process
to achieve specific mechanical properties, aforementioned.

To evaluate the microstructure of 3D-printed and sintered 3161 specimens, several
techniques can be used, including optical microscopy, scanning electron microscopy
(SEM), and X-ray diffraction (XRD). Standards such as ASTM E45 [39], and
ASTM E562 [40], provide guidelines for microstructural examination and analysis,
and can be useful in characterizing the microstructure of 3D-printed and sintered
316L.

Research by Dayue Jiang has shown that the microstructure of 17-4 PH stainless
steel specimens after extrusion additive manufacturing consisted of an austenitic
phase with fine carbides and lath martensite within the grains on a BCC plate-
lattice structure. While this study focused on a different material, the findings
highlight the importance of understanding the microstructure of 3D-printed parts
and how it can be modified to achieve specific mechanical properties.

In the case of 316L stainless steel, sintering can alter the microstructure through
the formation of intergranular bonding between particles, resulting in densification
and grain growth. However, excessive sintering can lead to the formation of coarse
grains and the degradation of mechanical properties.

Recent research by X. Zhang et al. showed that the microstructure of 3D-printed
and sintered 316L can be optimized through careful control of the sintering param-
eters. By varying the sintering temperature and holding time, they were able to
achieve a microstructure with a fine and uniform grain size, resulting in improved
mechanical properties such as higher strength and ductility.

The resulting precipitation-hardening increased surface hardness, although the
martensite phase could not be identified on the side surface of the plate-lattice
structure. The study also found that irregular sintering can alter the microstruc-
ture, leading to faster grain growth on the side surface, and that micropores dis-
tributed along the grain boundaries can affect the microstructure. To ensure
the quality and reliability of 3D-printed parts, it is important to adhere to in-
dustry standards and guidelines that address microstructure and other relevant
factors. For example, the ASTM E562 standard [40], specifies methods for an-
alyzing microstructures of metallic materials using optical microscopy, while the
ASTM E2119 standard [41], outlines guidelines for the assessment of sintered metal
powder materials.

A finer and more uniform microstructure typically results in higher mechanical
properties such as strength and stiffness, while a coarser and more inhomogeneous

microstructure may lead to lower mechanical strength but higher ductility. There-
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fore, it is important to carefully consider the microstructure when designing and
manufacturing 3D-printed parts.

The microstructure of 3D-printed and sintered 316L is a complex topic that re-
quires careful consideration of various factors, including sintering parameters, par-
ticle size and distribution, and the presence of impurities. By understanding the
microstructure and how it can be modified, it is possible to optimize the me-
chanical properties of 3D-printed parts for specific applications. Sintering of 316L
typically results in an equiaxed microstructure, as reported in [42]. In contrast, the
SLM process often yields an anisotropic microstructure, characterized by unique

directional properties and grain morphology [42].

Figure 2.1.3: Comparison of microstructures between sintered 316L (equiaxed)
and SLM-processed 316L (anisotropic). The image illustrates the distinct grain
morphology and directional properties induced by different additive manufacturing
techniques [42].

These differences arise from variations in processing parameters, thermal cycles,

and solidification rates, among other factors.
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2.1.4 Parameters Affecting Properties

Layer Direction

The direction of the 3D-printed layers, known as the layer direction or building
orientation, plays an important role in the mechanical properties of the printed
part. Typically, the mechanical properties of a 3D-printed part are higher in
the direction perpendicular to the layering direction and lower in the direction
parallel to the layering direction. This is because the layers are bonded together
through sintering or other means, which affects the strength and stiffness of the
printed part. All the parameters involved in the process can affect the mechanical
properties and the final outcome quality. Many studies in the literature focus on
different aspects of the process. For instance, James Allum and Andrew Gleadall
investigated the interlayer interface of standard specimens, which they found to
be the reason for anisotropic mechanical properties. They loaded the specimens
in both longitudinal (axis of extruded filament) and transverse (interface between
the layers) directions. Their microscopic characterizations showed very similar
results for both directions, although the longitudinal direction exhibited reduced
plasticity, strain-fracture, and load-bearing properties.

Therefore, optimizing the layer direction, layer thickness, and infill patterns can
significantly improve the mechanical properties of 3D-printed parts for specific
applications [38] [43].

Layer Thickness

The thickness of each layer in the MEAM process is a critical parameter that
affects the mechanical properties and overall quality of the final 3D-printed ob-
ject. Various factors determine the real thickness of the layers, such as the size
of the nozzle, the extrusion speed, and the flow rate multiplier set in the slic-
ing software. Researchers have investigated the effects of layer thickness on the
mechanical properties of 3D-printed objects. A study by R. Martukovich et al.
showed that thinner layers resulted in higher tensile strength and stiffness in the
axial direction, while thicker layers produced higher strength in the transverse
direction. In another study by K. Kempen et al., it was found that thinner layers
could lead to increased ductility and toughness, whereas thicker layers exhibited
higher Young’s modulus and ultimate tensile strength. However, printing thinner
layers may result in higher resolution and better surface finish, but it can also be
more challenging to print and require longer printing times. On the other hand,

thicker layers can be easier to print and may be more robust, but they can lead
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to lower resolution and rougher surface finish. Therefore, determining the optimal
layer thickness for a specific application is a crucial step in the MEAM process to

achieve the desired mechanical properties and surface finish [44] [38].

Raster Angle

The angle at which material is extruded from the nozzle is a critical aspect of the
MEAM process. Typical angles are +45/-45° although 90°is also common. It
has a significant impact on the mechanical properties and surface quality of the
final product. Research shows that modifying the extrusion angle can strengthen
the product, with steeper angles resulting in stronger bonds between the layers
and a more robust final product. Conversely, shallower angles can result in weaker
bonds and a weaker final product. Moreover, the extrusion angle affects the surface
finish of the final product. Steeper angles can result in a rougher finish, whereas
shallower angles can provide a smoother finish. Additionally, the extrusion angle
affects the dimensional accuracy of the final product, with steeper angles resulting
in more shrinkage and distortion and shallower angles leading to less shrinkage
and distortion. Numerous studies have investigated these effects, underscoring
the need for proper control and optimization of the extrusion angle to achieve

high-quality 3D-printed objects [38] [45]. A few raster angles are presented below.

= -;\..//% L

H

Figure 2.1.4: a 90°angle for horizontally printed and upright specimens, b
45°angle for horizontally printed, ¢ 0°raster angles for horizontally printed, and e
45°and f 0°build orientation for vertically printed bending, taken from [46].
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Infill Density

Infill density is a crucial parameter that influences the mechanical properties and
overall quality of 3D-printed parts. A study by Gao et al. [17], investigated the
effect of infill density on the mechanical properties of PLA specimens produced
using fused deposition modeling (FDM). They found that increasing the infill
density from 20% to 80% resulted in a substantial increase in flexural and tensile
strengths. Additionally, they observed that the failure mode of the specimens
shifted from brittle to ductile as the infill density increased. Another study by Ahn
et al. [5], explored the relationship between infill density and thermal conductivity
of 3D-printed parts. They found that increasing the infill density led to higher
thermal conductivity due to the increased density of the material. These findings
suggest that infill density is a critical parameter that can be tailored to achieve

specific mechanical and thermal properties in 3D-printed parts [38] [45].

Infill density also affects the printing time and cost, as higher densities require
more material and longer printing times. Studies have shown that reducing infill
density can significantly reduce printing time and material cost while maintaining
suitable mechanical properties [20]. Infill density also impacts the surface finish
of the final product, with higher densities providing a smoother finish and lower
densities resulting in a rougher finish. This effect has been investigated in sev-
eral studies, where it was found that increasing the infill density resulted in a
smoother surface finish due to the increased density of the material. Therefore,
selecting the appropriate infill density is essential to achieving the desired mechan-
ical properties, cost-effectiveness, and surface finish of the final 3D-printed object
[38] [45].

In the study conducted by Rosnitschek et al.[47], all parts were printed with a
shell of four outlines, four top layers, and four solid bottom layers. The remaining
volume was filled with a hexagonal honeycomb pattern as the infill structure at
infill degree levels of 25%, 50%, 75%, and 100%, as illustrated in [47]. For clarity,
we will refer to these configurations as ID 25, ID 50, ID 75, and ID 100. To
compensate for sinter shrinkage, the dimensions in the printing plane were scaled

by a factor of 1.2, and in the vertical direction, by a factor of 1.26.
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Figure 2.1.5: Cross-sectional sketches illustrating the variations in infill structure
size for specimens in [47]. The outlines of four layers were consistent, while the
hexagonal infill structure underwent size reduction across different specimens: (a)
Infill Degree (ID) 25; (b) ID 50; (c¢) ID 75; (d) ID 100 [47].
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MATERIAL AND METHODS

3.1 Specimen Fabrication

All tests were performed on specimens made from two printed cuboid of the fol-

lowing dimensions,

Figure 3.1.1: Cuboid Dimensions i mm, with a thickness of 12 mm, presented
in Figure 3.1.3.

These were printed in different orientations: one cuboid was printed vertically,
and the other cuboid was printed horizontally, from hereon referred to as flat.
The cuboids utilized in this Master Thesis were fabricated prior to the current
study by the esteemed research group as referenced in [34|. The printing process
employed a Prusa 3D printer [48], in conjunction with the BASF 316L filament,
which is detailed in section 1.2.1 [49]. The process parameters of most importance

are presented below, for a detailed view on the parameters used, see [34].
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Table 3.1.1: Printing parameters for cuboids.

Printing Parameter Value | Unit
Nozzle Temperature 290 °C
Bed Temperature 110 °C
Printing Speed 30 mm /s
Layer Height 0.1 mm
Cooling Fan Percentage | 50 %

3.1.1 Dogbone specimens

The extraction of dogbone specimens using [50], for tensile testing is a crucial
step in evaluating the mechanical properties of materials. These specimens are
characterized by their distinctive shape resembling a dogbone.

The cuboid is divided into two sections to obtain the desired dogbone shape. Two
vertical sections (front and back) are obtained for vertically-printed cuboids, while
two flat sections (top and back) are extracted for flat-printed cuboids. From each of
these sections, a total of eight specimens are carefully crafted, following the design
requirements for the standard [51]. The schematic representation provided below
offers a visual reference for understanding the resulting shape of the specimens

after cutting.

wwwww
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Figure 3.1.2: Schematic representation of the dogbone specimens after extraction
in mm.
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3.1.2 3-Point Bending Specimens

For the 3-point bending specimens, each cuboid used was cut into two sections
using the [50]: two vertical sections (front and back) for the vertically-printed
cuboid, and two flat sections (top and back) for the flat-printed cuboid, as shown

in Figure 3.1.7.

12.00

Figure 3.1.3: Front section of the cuboid in mm, from which two single edge
notch specimens are cut.

From each of these sections, eight specimens were made obtained, following the
design for the three-point bending standard test [52].

3.1.2.1 1 Dimension
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Figure 3.1.4: Notch size R=0.25, blue, the measures are in mm.
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3.1.2.2 2 Dimension
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Figure 3.1.5: Notch size R=0.50, , the measures are in mm.
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Figure 3.1.6: Notch size R=1.00, green, the measures are in mm.

The following cuboid schematic represents the color reference:

(a) From Top view. (b) Color reference of
notch sizes.

Figure 3.1.7: Color reference on cuboids.
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To distinguish the many specimens a color was designated to each notch radius as
in 3.1.7b, as this was the only variation. The specimens marked blue can be seen
in subsubsection 3.1.2.1, yellow can be found in subsubsection 3.1.2.2 and green

in subsubsection 3.1.2.3.

3.2 Experimental Procedures

3.2.1 Particle Size Measurement

In order to measure particle size on the filament, the ClaroCit kit was used to
cast a segment of the filament to be able to observe the circular section. The
kit consists of a two-part polymer kit that includes a liquid and a powder. The
liquid contains methyl methacrylate and tetramethylene dimethacrylate, which are
monomers that polymerize to form a solid material. The powder contains a free
radical initiator, dibenzoyl peroxide, which is used to initiate the polymerization
reaction.

The general process for using the ClaroCit kit is as follows: First, a mold or form is
prepared for the desired shape and size of the specimen. Next, the ClaroCit liquid
and powder are mixed together according to the manufacturer’s instructions, with
a specific mixing ratio provided on the packaging or in the product instructions.
In this study, a mixing ratio of 10g powder to 6ml liquid was used. The mixture
was then poured into the mold or form and allowed to cure and harden according
to the manufacturer’s instructions. In this study, the ClaroCit was left to cure
overnight.

Once the ClaroCit had cured, the specimen was removed from the mold or form.
The surface of the specimen was finished as needed using sandpaper and polishing.
The particle size of the specimen was then measured using an optical microscope

allowing for precise analysis of particle size distribution.

Apparatus

The experiment utilized the Hirox rH-2000 digital microscope (Hirox-USA, Inc.,
USA) [53], to obtain high resolution images. It has been used to capture the
fracture surfaces of the tested specimens as well as to perform roughness tests.
The Hirox rH-2000 is a versatile digital microscope that provides high magnifica-
tion, high resolution, and a range of lighting options to capture images of surface

features of materials.
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3.2.2 Surface Roughness Evaluation

Roughness testing was performed using a Hirox RH-2000 digital microscope [53].
The surfaces of the cuboids were first cleaned with a soft brush and then placed on
the microscope stage. The microscope was set to a magnification of 500x and the
camera was focused on the area of interest. A 3D image was then captured using
the built-in software. The captured image was then processed using the software to
obtain the roughness parameters, including Ra (average roughness), Rz (maximum
height of the roughness profile), and Rq (root mean square roughness). 5 measures
with equal orientation were taken from two of the sides of each cuboid.

To ensure accuracy, several images were captured from different areas of the sample
and the roughness parameters were averaged. The test was performed in triplicate

to ensure reproducibility of the results.

Apparatus

The experiment was conducted employing a Hirox rH-2000, mentioned in sec-
tion 3.2.1. The Hirox rH-2000 was used to perform roughness testing on the frac-
ture surfaces of the specimens. The roughness tests provided information on the
surface quality and characteristics of the materials, allowing for a more in-depth

analysis of the fracture mechanisms.
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3.2.3 Grain Size Measurement
Etching

To measure the grain size of a material, an etching process was used in conjunction
with an optimal microscope. The etching process involved mixing hydrochloric
acid (HCI) [54], and nitric acid (HNO3) [55], together, which produced nitrosyl
chloride (NOCI) as a gas, along with water (H20) and chlorine gas (Cl2), according

to the balanced chemical equation:

HC1 + HNO3 — NOCI(g) + Cly(g) + H,0(1) (3.1)

When this mixture was added to water, the following reactions occurred:

HC1 + H,O — H30% (aq) + Cl™ (aq) (3.2)

HNO3 + H,O — H30" (aq) + NO; (aq) (3.3)

Thus, the overall reaction when the three were mixed together is:

HCl(aq)+HNO3(aq)+H20(1) = NOCI(g)+Cly(g)+2H;0™ (aq)+NO3 (aq)+Cl™ (aq)
(3.4)

To perform the grain size measurement, the material was first polished to a mirror
finish and then etched using this mixture. The etching process reveals the grain

boundaries, allowing for the grain size to be measured using an optimal microscope.

Measurement

To determine the grain size of the specimens, the guidelines outlined in standard
E112-10 [56], were used, which provides a standardized procedure for performing
this analysis.

Specifically, utilizing section 17.5 of the standard, which outlines the procedure
for measuring grain size using the linear intercept method. This method involves
measuring the number of times a straight line intersects with the boundaries of
grains within a microstructure, and then using statistical analysis to calculate the

average grain size.
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Apparatus

Optical microscopy was performed using the Olympus BX53M optical microscope
(Olympus Corporation, Japan) [57]. The Olympus BX53M is a high-quality op-
tical microscope with a wide range of magnification options, making it ideal for

examining microstructures and surface features of materials.

3.2.4 Microhardness - Vickers

The Vickers hardness test is a common technique utilized to determine the hard-
ness of various materials, including metals like 316L. The test involves applying
a known load for a specified duration of time to the material’s surface using a
square-based pyramidal diamond indenter. The resulting indentation size is mea-
sured using a microscope, as shown in Figure 3.2.1, and the Vickers hardness

number (HV) is then calculated using the formula below.

Loading force

Diamond
indenter

4 a
Indentation | '
v
d!
Pl 5

Figure 3.2.1: Vickers indentation [58].

I
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(3.5)
58]

where F is the applied load in Newtons, the constant value 1.854 is a conversion
factor derived from the geometry of the Vickers indenter and d is the average of the
two diagonals of the diamond indentation in millimeters. This method provides
accurate and reproducible results, making it an ideal approach for comparing the
hardness of different materials and measuring the effects of various treatments and
processing techniques on 316L. The test is performed in accordance with ASTM
E384, which provides guidelines for the proper testing procedure, including the

load and duration of the indentation.
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Microhardness tests are non-distructive and suitable for thin and small samples
since the indenter print is shallow. However making it useful for testing materials
used in microelectronic devices and other small components. However, the test
may be affected by surface roughness, grain size, and other factors that can affect
the indentation size and, therefore, the calculated HV value. The specimens were
prepared for testing by grinding and polishing to a mirror-like finish. In this
study, a load of 2 kgf was used for the microhardness testing. For this reason, it
is advisable to repeat and perform several indentations. In the present work three

lines of 10 indentation points, A, B, and C, were created.

(a)

Figure 3.2.2: Schematic of both laying and standing Vickers specimen as pre-
sented in Figure 3.2.3.

A-A; B-B

2 [0OODOODOOD!
HOOOOODOOD!
cDOOOOOHOOB!

los)

Figure 3.2.3: Points were the values were taken, equal for both Flat Top and
Vertical Back specimens.

Apparatus

Microhardness testing was performed using the Mitutoyo HM-200 series micro-

hardness tester (Mitutoyo Corporation, Japan) [59].
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The microhardness tester was then used to apply a load to the surface of the
specimen and measure the resulting indentation. The hardness was calculated

using the indentation size and the load applied.

3.3 Tensile Tests

To perform the tensile test on metal 3161, dogbone-shaped specimens were ma-
chined from the cuboids. The doghbone shape allows for uniform stress distribution
and reduced stress concentration during the test. The specimens were carefully
prepared to meet the dimensional ratio requirements [51|. Prior to testing, the
specimens were visually inspected to ensure they were free from defects or irregu-
larities that could impact the test results.

The specimens were securely clamped in the testing machine using a fixture de-
signed to prevent slippage and ensure proper alignment during the test. The
fixtures were carefully selected to match the specimen dimensions and geome-
try, allowing for uniform loading and minimizing stress concentration effects. The
alignment of the specimens within the fixtures was meticulously adjusted to ensure

accurate force application during the test.

Figure 3.3.1: Image of fixture in [60].

Once the specimens were properly mounted, the tensile test was initiated. The
loading rate, typically specified in the experimental plan, was applied uniformly

until the specimens reached failure.
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3.3.1 Apparatus

The tensile testing was conducted using the MTS Criterion Model 42 testing ma-
chine [60]. This machine, manufactured by MTS Systems Corporation, is widely
recognized for its accuracy and reliability in conducting various mechanical tests.
The Model 42 provides a maximum load capacity of 5 kN and a maximum dis-
placement capability of 500 mm. The testing machine is equipped with a load cell
that ensures precise measurement of the applied load. DIC [61] as mentioned later
in section 3.4.2.1, was used for the painted specimens with a frequency acquisition

of 5 Hz and a displacement rate of 1mm/min.

3.4 3-Point Bending Tests

3.4.1 Finite Element Simulations

For each of the notched geometries, the maximum stress at the apex of the notches
was calculated. The stress concentrator factor Kt was also obtained. Finally,
another model was analysed considering the case of ideal crack instead of a blunt
notch. In this case the stress intensity factor K1 was obtained.

The first step in the simulation process was to create a 2D sketch of the specimen
geometry, using Abaqus. The dimensions of the specimen were defined, as in
subsection 3.1.2, and the notches were added to the sketch. The material model
assigned was a linear elastic material [33] [62].

The second step is applying the boundary conditions, where the concentrated force
of IN and two displacement conditions were introduced. 1N is a "symbolic" value
as the Kt has no dependency on the load applied. The two conditions simulate
the two lower rollers of the fixture touching the 3-point bending specimens.
Finally, a suitable mesh is created on the model, as seen in Figure 4.7.3.

To determine the stress concentration factor (Kt) for the notched specimens, the

following equation was used.

Onotch

Kt =

(3.6)

O nominal
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where 0,0, is the maximum stress at the apex of the notch, and o,omina is the
stress in the specimen without the notch. An example can be found in chapter D.
The value of the maximum nominal stress was obtained with another simulation
on another 3BP specimen without a crack or a notch, with the same dimentions.
The maximum stress was determined using a 1N load, and this value was used to
calculate the stress concentration factor.

To calculate the stress intensity factor under Mode 1 Loading, K1 values for a
specimen with a crack, another 2D sketch of the specimen geometry was created,
and the dimensions of the specimen were defined. A crack was added to the
specimen, and the K1 values were calculated using the finite element method.
Based on the proportionality among K1 and the load apply on the simulation, is
it possible to predict an estimate of the failure load if the specimens presented a

crack.

Software

The simulations were conducted using ABAQUS software version X (Dassault
Systémes Simulia Corp., Providence, RI, USA) [63]. ABAQUS is a powerful and
widely used finite element analysis software that is commonly employed in en-
gineering applications. It provides a user-friendly interface and offers a broad
range of features and capabilities to simulate various types of problems, including

structural, thermal, and fluid dynamics analyses.
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3.4.2 Tests Procedures

Two different methods were initially considered for conducting the tests: the com-
pliance method and the basic procedure. The compliance method was selected as
the initial approach, aiming to achieve precise and accurate results. However, due
to unforeseen challenges in achieving a precrack in the specimens, the compliance

method had to be replaced with a simplified version of the basic procedure.

3.4.2.1 Compliance Test

The compliance method, as outlined in the ASTM E1820-20 standard [52], is a
widely used approach for measuring the fracture toughness of metallic materials.
The procedure involves the use of a single-edge notch bend (SENB) specimen,
which is typically machined from the material of interest. The specimen is sub-
jected to a linearly increasing load until it yields. Afterward, the specimens are
subjected to loading-unloading cycles until it fractures.

The compliance method determines the fracture toughness value through the anal-
ysis of the load-displacement curve. The load and displacement data is used to
calculate compliance C, which represents the specimen’s deformation response to
a given load. The compliance C is then used to calculate the crack tip opening
displacement (CTOD) and fracture toughness.

The data obtained from the compliance method can be used to calculate the
fracture toughness value using various approaches, including the ASTM E1820-20
standard equations [52].

It is important to note that the compliance method has limitations and may not

be suitable for all materials or specimen configurations, as proved in this case.

Painting Of Specimens

In order to use Digital Image Correlation (DIC) analysis [61], during compliance
testing, the specimens were painted white and dots were added to provide the
necessary contrast for DIC analysis. The painting process involved coating the
specimens with a white spray paint, followed by the application of black dots using
a fine-tip marker. The dots were spaced evenly along the length of the specimens
to ensure accurate measurement of strain and deformation during testing. This
painting technique allowed for precise measurement of the mechanical properties

of the specimens and provided valuable data for analysis.
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Apparatus

The experiment was conducted employing a StepLab - Axial 20 kN, mentioned in
section 3.4.2.2.

Digital Image Correlation (DIC) software [61], is a widely used technique to ana-
lyze the deformation of materials under loading conditions. For this experiment,
Vic-2D-v6 software (Correlated Solutions, Inc., USA) was employed to perform
DIC analysis on the digital images of the specimens taken during the tensile test.
Vic-2D-v6 is a user-friendly software that utilizes image correlation algorithms to
track the displacement of the specimen’s surface and calculate strain and other
deformation parameters. The software provided a broad range of features and
capabilities to perform DIC analysis, including strain maps, deformation plots,
and stress-strain curves.

During the experiment, high-resolution images of the specimens were captured
using a camera, and Vic-2D-v6 was used to process the images and obtain the de-
formation data. The software was also used to calculate strain rate, displacement,
and other parameters to provide a comprehensive understanding of the deforma-

tion behavior of the specimens.

3.4.2.2 Basic Procedure

The ASTME 1820 — 08a standard [52], provides a standardized method for mea-
suring fracture toughness. The "basic procedure" is one of the methods described
in this standard, and it involves conducting a test using a pre-cracked specimen.
The test is performed at a constant rate of loading, and the force and displacement
data are collected during the test. According to the standard, different types of
specimens can be used. It was chosen to perform 3-point bending specimens, using
therefore a single-edge notch geometry.

The data collected from the test can be used to calculate the fracture toughness
of the material, which is a measure of the material’s ability to resist the growth of
cracks. To obtain the fracture toughness values, several parameters are needed, in-
cluding the crack length, specimen geometry, and applied load. These parameters
can be obtained from the data collected during the test.

The fracture toughness values obtained from this test method can be used to
evaluate the performance of a material under different loading conditions and
to compare the fracture toughness of different materials. This information is
particularly useful in applications where the material is subjected to cyclic loading

or where the material is expected to resist the growth of cracks.
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Apparatus

The experiment was conducted using a StepLab - Axial 20 kN testing machine
(Step Engineering S.r.1., Ttaly) [64]. This machine is capable of applying a tensile
load of up to 20 kN with a maximum displacement of 500 mm. The machine
was equipped with a load cell that provided accurate measurements of the applied
load.

The specimens were clamped in the machine using custom-made fixtures that
ensured proper alignment and prevented slippage during the test. The testing
machine was controlled by a computer, which allowed for precise control of the

loading rate and the data acquisition process.
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3.5 Fractography

In order to examine the topographical features and morphology of the fracture
surfaces, Scanning Electron Microscope (SEM) [65], imaging was performed. The
following step-by-step procedure was implemented for the SEM analysis of the
fracture surface.

Firstly, utmost care was taken during the sample preparation stage to maintain the
integrity of the fracture surface. The specimens were delicately handled to avoid
any damage or alteration to the fractured area. Additionally, any loose debris
or extraneous particles present on the surface can meticulously eliminated using
either gentle bursts of compressed air or a soft brush. In addition, an ultrasonic
bath with acetone was performed.

Next, to facilitate the SEM analysis, the specimens were mounted onto SEM stubs.
Attention was paid to establish good electrical contact between the specimen and
the stub to minimize any potential charging effects during imaging.

Once the mounting was complete, the prepared specimens were transferred to
the SEM chamber for imaging. The SEM instrument parameters, such as the
accelerating voltage, beam current, and working distance, were carefully adjusted
to optimize the imaging conditions.

Finally, the fracture surfaces were scanned using the SEM at various magnifica-
tions, allowing for a comprehensive analysis of the topography and morphology.
The resulting SEM images provided valuable insights into the fracture mecha-

nisms, crack propagation patterns, and surface characteristics of the specimens.

Apparatus

The Scanning Electron Microscope (SEM) used in this study was the FEI QUANTA
650 FEG SEM [65]. The FEI QUANTA 650 FEG SEM is a state-of-the-art instru-
ment equipped with a field emission gun (FEG) as the electron source, allowing
for high-resolution imaging and excellent electron beam stability.

SEM imaging was employed to investigate the microstructural characteristics and
surface morphology of the specimens. The FEI QUANTA 650 FEG SEM offers a
wide range of magnification options, providing the ability to examine materials at
various scales, from macro- to nanoscale. This capability facilitated the detailed
analysis of microstructural features, surface defects, and fracture surfaces of the
specimens.

The FEI QUANTA 650 FEG SEM was utilized to capture high-resolution im-
ages of the specimens at different magnifications. These images can subsequently
be analyzed to gain insights into the microstructural properties, such as grain

morphology, phase distribution, and surface features.
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RESULTS

The results of the present work are presented in the following sections.

4.1 Specimen Preparation

The initial step in the experimental phase of the thesis involved the meticulous
extraction of specimens to be subjected to both tensile and three-point bending
tests, employing the utilization of an EDM (Electrical Discharge Machining) ma-
chine [50]. This precision extraction process ensured the acquisition of high-quality
samples for subsequent mechanical testing and analysis. The specimens underwent
thorough preparation procedures after cutting, including grinding, polishing, and

painting, which resulted in refined surfaces.

Extraction Of Dogbone Specimens

Figure 4.1.1: Cutting of Doghone specimens.

35



36 CHAPTER 4. RESULTS

Figure 4.1.2: Dogbone specimen after cutting and painting.

Extraction Of 3-Point Bending Specimens

Figure 4.1.3: Cutting Of 3-Point Bending Specimens.

The Flat Front, Flat Back, Vertical Front and Vertical Back specimens are iden-

tical.

Table 4.1.1: Notch size on specimens taken from Vertical Front for illustrative
proposes, scale bar: 1 mm.

Blue Yellow Green
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4.2 Particle Size Measurement

As highlighted in Chapter 2, the theoretical section, the characteristics of the
filament play a crucial role in influencing the outcomes of the MEAM process. In
the context of this study, a commercial filament was employed. It was deemed
valuable to examine the cross sections and measure the particle size.

Consequently, the filament embedded within the resin was extracted from the
mold, subjected to gentle grinding, and observed under a microscope as presented

below.

Figure 4.2.1: Embedded filament.

The filament has a diameter of 1.75 mm, other diameters are available on the
marked, such as 2.85 mm [49]. A close-up of the filament strings embedded is

shown below.

embedded shell, scale 1 mm. ament, scale 0.1 mm.

Figure 4.2.2

Both Top and Bottom Side of the embedding are still the same filament and
should therefore have the same values. The particle measurements can be found

in chapter A on the Appendix, giving an average value of 16 micrometers.
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4.3 Surface Roughness Evaluation

The total values for each roughness test can be found in chapter B in the Appendix.
3D images and plots gotten from Hirox [53] can also be found there. A visual

representation of these values is plotted below.

Top Side

39.44

27.76
27.16
26.7
25.82
25.36
25.9
28.06
34.78
30.26
31.96
27.2

F1 F2 V1 V2 V3 V4 F1 F2 V1 V2 V3 V4

Figure 4.3.1: Bar plot of average roughness Ra in pm on the two surfaces tested
for each cuboid, the detailed values for the averages can be found in chapter B.

Cuboid surface representation is shown in figure 4.3.2.

(a) (b)

Figure 4.3.2: Surface tested on the cuboids.



CHAPTER 4. RESULTS 39

4.4 Defects and Porosity Distribution

The evaluation was performed on two specimen types: flat and vertical. Figure
4.4.1 presents the representation of defects and porosity distribution on the flat

specimens.

Building
orientation

(a) (b)

Figure 4.4.1: Defects and porosity distribution representation on flat specimens.

Figure 4.4.2 showcases the defects and porosity distribution on the vertical speci-

mens.

Building
orientation

(a) (b)

Figure 4.4.2: Defects and porosity distribution representation on vertical speci-
mens.
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4.5 Grain Size Measurement

The grain size of the printed specimens was measured as described in Chapter 6.
Two types of specimens were analyzed: flat top and vertical back. The grain size
measurement technique is based on the standard E112-10 [56].

Flat Top

Figure 4.5.1 shows the microstructure of the flat top specimens after etching, with

a scale of 100 pm and a magnification of 20 pm. It yielded a value of 38.7 pm.

Figure 4.5.1: A) 100 pm scale and B) magnification in 20 pm.

Vertical Back

The microstructure of the vertical back specimens after etching is depicted in
Figure 4.5.2, with a scale of 100 pm and a magnification of 20 pm. The measured

average grain size is 37.2 pm.

Figure 4.5.2: A) 100 pm scale and B) magnification in 20 pm.
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4.6 Microhardness - Vickers

The reference standard [66] was used as the guideline for the testing procedure.
Points for microhardness testing were selected as shown in figure 4.6.1, in regards

to Figure 3.2.3, as shown below.

Figure 4.6.1: Vickers microhardness dentation example, scale 0.1 mm.

Flat Top:

Table 4.6.1 presents the average microhardness values (H2.0) for the flat top spec-
imens. The measurements were performed at multiple points, and the results for

each point can be found in table C.0.1 in the Appendix.

Table 4.6.1: H2.0 Average Values on Flat Top specimens, measured in microm-
eters.

Average A: | 104.71
Average B: | 111.16
Average C: | 110.62

Vertical Back:

The average microhardness values (H2.0) for the vertical back specimen are pre-
sented in table 4.6.2. The individual measurements for each point can be found
in table C.0.2 in the Appendix.

Table 4.6.2: H2.0 Average Values on Vertical Back Specimen, measured in mi-
crometers.

Average A: | 97.17
Awverage B: | 98.36
Average C: | 98.94

Values for each point taken can be found in Table C.0.2 in the Appendix.
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To visualize the microhardness data for both specimen types, figure 4.6.2 shows
a plot representing the microhardness values obtained. The plot provides a com-
parative analysis of the microhardness between the flat top and vertical back

specimens.
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Figure 4.6.2: Microhardness data of both specimens.
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4.7 Finite Element Simulations

The 3-point bending tests were simulated using a CAE software, according to

subsection 3.4.1. The following 5 simulations were performed:

e One simulation for each of the three notch geometries presented in subsub-
section 3.1.2.1.

e One simulation for a fictual perfect crack.

e one with neither notch or crack.

The following is a simulation for the case of subsubsection 3.1.2.1, here represen-

tative for all simulations.

Figure 4.7.1: Sketch of simulation.

Figure 4.7.2: Boundary condition and loading applied.
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Figure 4.7.3: Mesh on simulation.

Table 4.7.1 presents the calculated Kt values for the representative simulation.

The Kt values provide insights into the stress distribution and indicate the level

of stress concentration at the notches or cracks. An example of the calculation of

Kt can be found in chapter D.

Table 4.7.1: Kt values from simulations in MPa+/mm.

Simulation Onotch Kt
"Perfect" crack | 0.93830

1 2.29909 | 7.21745
2 1.57397 | 4.94110
3 1.38010 | 4.33250
No Notch/Crack | 0.31855 | 2.94557
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4.8 Tensile Test

The tensile tests were performed using the MTS Criterion Electromechanical
Load Frame (MTS Systems Corporation) [67], with a Load - Displacement of
1 mm/min.Table 4.8.1 presents the different tensile specimens used in the study

and their respective printed orientation.

Table 4.8.1: Tensile specimens with their respective printed orientation.

Specimen | Cuboid
T1 Vertical
T2 Vertical
T3 Flat
T4 Flat

Table 4.8.2 shows an illustration on the crack for specimen T1.

Table 4.8.2: DIC before/after fracture images of T1 for illustrative purposes.

T1
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A stress-strain plot for the specimens tested is presented in Figure 4.8.1.
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Figure 4.8.1: Stress-Strain plot for the specimens tested with Tensile test.

The table below presents the maximum stress the specimens could withstand

before fracture.

Table 4.8.3: Ultimate Tensile Strength for each specimen.

Stress Strain

T1 | 0.452262 | 503.1944
T2 | 0.585033 | 518.1524
T3 | 0.600057 | 538.5281
T4 | 0.609975 | 538.6945
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4.9 Fracture Tests

4.9.1 Compliance Test

Despite the initial focus on the compliance method, multiple attempts were made
to utilize this approach to obtain meaningful data. However, these attempts
proved to be unsuccessful in obtaining the desired results due to two main chal-
lenges. Firstly, the precracking process posed a significant difficulty, primarily
because the material under investigation exhibited a high level of ductility, as
also evident from the tensile tests. The inherent ductility of the material made
it challenging to initiate and propagate a controlled crack. Several techniques
were explored to overcome this issue, including adjusting the loading conditions
and implementing specialized notch geometry. However, the desired crack control
and reproducibility level could not be achieved. Secondly, the size of the speci-
mens posed another significant obstacle. The specimens used in the compliance
tests were too small relative to the fixture, making it impossible to attach conven-
tional extensometers for direct strain measurements. Digital Image Correlation
(DIC) was employed as a potential alternative to recording crack mouth opening
displacement. Unfortunately, due to the limitations of the DIC system and the
complex nature of crack propagation, the measurements obtained were imprecise
and unreliable. The inherent difficulties associated with accurately capturing the
crack mouth opening displacement hindered the effectiveness of the compliance
method in obtaining precise and consistent results.

Nevertheless, despite these challenges, valuable insights were gained from these
unsuccessful attempts. The difficulties encountered during the precracking process
and the limitations of extensometer usage highlighted the need for alternative
methodologies and further exploration. These insights and lessons learned are
further discussed in detail in the subsequent chapters, paving the way for potential

future improvements and advancements.
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4.9.2 Basic Procedure
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The fracture test was performed on two types of specimens: flat and vertical.

Figure 4.9.1 shows the fracture behavior of the flat specimens, while figure 4.9.2

illustrates the fracture behavior of the vertical specimens.

The fracture tests were also conducted with different notch sizes. Figures 4.9.3,

4.9.4, and 4.9.5 represent the fracture behavior of specimens with stress ratios of

R0.25, R0.50, and R1.00, respectively.

Table 4.9.1 and Table 4.9.2 present specific values of the data used for the plots.
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Table 4.9.1: Load values of the basic procedure curves.

49

Average Load at Plateau [N] | Mazimum Load [N]
1YVF | 530 801.65
1GVF | 520 1033.25
2YVEF | 540 987.15
2GVF | 530 934.45
3BVEF | 550 769.99
4BVF | 520 814.86
1YVB | 530 902.85
1BVB | 540 909.27
1GVB | 545 1081.67
1YFT | 530 1366.12
1GFT | 520 1584.39
2BFT | 515 928.12
2YFT | 520 1399.11
2GFT | 540 1461.34
3BFT | 520 1217.55
1BFB | 540 1223.61
1YFB | 550 1176.39
1GFB | 550 1302.87

The fracture tests conducted here were static fracture tests. It is important to

note that the fracture toughness values obtained from these tests are merely in-

dicative due to certain deviations from the standard protocol [52]. Specifically, the

specimens were not pre-cracked as outlined in the basic procedure. The measure-

ment of crack propagation was not feasible due to a lack of available equipment.

The indicative average values of the fracture toughness, for each notch size are

presented below.

Table 4.9.2: Average indicative fracture toughness values for each notch size.

Vertical Flat
R=0.25 | R=0.5 | R=1.0 | R=0.25 | R=0.5 | R=1.0
Fracture Toughness [MPam] | 39.0 42.1 47.7 52.7 61.6 68.0
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4.10 Fractography

4.10.1 Dogbone Fractured Surface

Table 4.10.1, table 4.10.2, table 4.10.3, and table 4.10.4 present a visual representa-
tion of the specimens T1, T2, T3, and T4, respectively, showing their appearance
before and after the tensile test presented in section 4.8. These tables provide
comparative images that highlight the changes in the specimens’ fracture surfaces

due to the applied stress during the test.

Table 4.10.1: Before and after visual representation of specimen T1, scale 1.000
mm.

Before After

Table 4.10.2: Before and after visual representation of specimen T2, scale 1.000
mm.

Before After
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Table 4.10.3: Before and after visual representation of specimen T3, scale 1.000
mm.

Before After

Table 4.10.4: Before and after visual representation of specimen T4, scale 1.000
mm.

Before After
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4.10.2 Etching on 3-Point Bending Fractured Surface

Vertical Front

Figure 4.10.1 shows the etched crack on the vertical front of the fractured surface.
The magnified view of the etched crack is presented in Figure 4.10.2, providing a
closer look at the crack’s characteristics.

Figure 4.10.3 presents a magnified view of the etched surface surrounding the

crack.

‘;f‘{_al -(‘- e A
i R
Figure 4.10.1:  Etched crack, scaleFigure 4.10.2: Magnified etched crack,
500 pm. scale 200 pm.

Figure 4.10.3: Magnified etched surface, scale 100 pm.
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4.10.3 SEM of 3-Point Bending Fractured Surface

Table 4.10.5 shows the SEM images captured on the vertical front specimens. The
table presents the SEM image of specimen 1YVF and provides a closer view of a
specific region of interest. The SEM image of specimen 4BVF, and the magnified

view of the selected area.

Table 4.10.5: SEM on Vertical Front Specimens.

1YVF

4BVF

Table 4.10.6 displays the SEM images obtained from the vertical back specimens.
The table presents the SEM image of specimen 1GVB, and zooms in on a particular
area of interest. The SEM image of specimen 1YVB, and provides a closer view

of a selected region.

Table 4.10.6: SEM on Vertical Back Specimens.

1GVB

1YVB
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Table 4.10.7 presents the SEM image captured on the flat front specimen. The
table showcases the SEM image of specimen 2BFT and provides an enlarged view

of a specific area of interest.

Table 4.10.7: SEM on Flat Front Specimen.

2BFT

Table 4.10.8 exhibits the SEM images obtained from the flat back specimens. The
table displays the SEM image of specimen 1GFB, and offers a magnified view of
a selected region. It also shows the SEM image of specimen 1YFB, and presents

a closer view of a particular area.

Table 4.10.8: SEM on Flat Back Specimens.

1GFB

1YFB
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DISCUSSIONS

5.1 Specimen Preparation

Dogbone Specimens

The extraction process of dogbone specimens for tensile testing was conducted
with precision and attention to detail. All necessary measures were taken to
ensure the accuracy of the specimens. The dimensions of the specimens were
carefully checked, and overall, the extraction process was successful. However, it
was observed that in a few instances, the thickness of the specimens deviated by
0.01 from the intended dimensions. While this discrepancy is noteworthy, it is
deemed to be within an acceptable range that should not significantly impact the
test results. Despite this minor deviation, the extracted dogbone specimens are
expected to yield reliable and representative data for the subsequent mechanical

tests.

3-Point Bending Specimens

In contrast to the extraction of doghone specimens, the process of extracting 3-
point bending specimens encountered several challenges. Cutting the specimens
proved to be a more complex task, resulting in a higher rate of failure. The
notch sizes of the specimens were found to be less than ideal, with variations
and imperfections observed. Consequently, in a few cases, it became necessary
to replace some specimens due to the discrepancies in their notch sizes. These
challenges primarily arose from inexperience and issues with the machine’s cutting
code. Although efforts were made to mitigate these difficulties, the imperfect
notch sizes could introduce uncertainties and potentially impact the mechanical

properties determined through 3-point bending tests.
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5.2 Particle Size Measurements

The analysis yielded an average particle size of approximately 16 micrometers. It
is possible that smaller particles, which were still within the microscope’s range
of focus, contributed to the observed average. Conversely, larger particles located
further away from the focal plane might not have been captured by the measure-
ments.

Furthermore, it is worth mentioning that a considerable amount of variation was
observed in the particle sizes. This variation could arise from multiple factors,
such as inconsistencies in the manufacturing process of the filament or inherent
material properties. The wide range of particle sizes indicates that the filament
utilized in the MEAM process contains particles of various dimensions, potentially
influencing the mechanical properties and performance of the printed parts.

In relation to the homogeneity of the powder distribution within the filament, it
is important to assess the impact of such variations on the final printed parts.
Smaller particles may contribute to improved densification and sintering, leading
to enhanced mechanical strength, while larger particles may introduce defects or

porosity within the material matrix.

5.3 Surface Roughness Evaluation

The surface roughness evaluation was conducted on two surfaces of each tested
cuboid. The results revealed interesting observations regarding the variation in
surface roughness between different orientations of the cuboids. Specifically, it
was noted that the Top surface, illustrated as the A in section 4.4, exhibited more
consistent results, irrespective of the two different printed orientations, both flat
and vertical. Conversely, the Side surface exhibited greater variation in surface
roughness measurements. For the cuboids printed in a flat orientation, there was
an average variation of approximately 10 micrometers in average roughness. On
the other hand, for the cuboids printed in a vertical orientation, there was more
variation than the Top but less than the flat-printed cuboids.

The consistent results observed on the Top surface, regardless of the printed orien-
tation, may be attributed to several factors. Firstly, the Top surface experienced
the same printing conditions and material deposition patterns, leading to uniform
surface morphology. Additionally, the Top surface might have been less susceptible
to certain printing-related artifacts, such as layer shifting or misalignment, which
can contribute to increased surface roughness. The relative stability in the surface

roughness measurements on the Top surface suggests that the printing process
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and environmental conditions had a more consistent influence on this particular
surface.

In contrast, the Side surface exhibited greater variation in surface roughness mea-
surements. This variation may be influenced by factors such as the layering process
and the specific geometry of the printed object. The layering process introduces
the formation of individual layers, and any inconsistencies or imperfections in the
layer deposition can contribute to variations in surface roughness. Additionally,
the Side surface may be more susceptible to print defects, including uneven cool-
ing, poor adhesion between layers, or inadequate support structures, which can
affect the surface quality and result in increased roughness variation.
Considering the different orientations of the cuboids, it is expected that the flat-
printed cuboids would exhibit a higher degree of surface roughness variation com-
pared to the vertical-printed cuboids. The flat-printed cuboids have larger surface
areas in contact with the build platform, leading to increased sensitivity to factors
such as leveling, adhesion, and temperature gradients. These factors can introduce
variations in the layering process and result in increased surface roughness varia-
tion. On the other hand, the vertical-printed cuboids experience a more consistent
layering process, with smaller surface areas in contact with the build platform.
This reduced contact area and more controlled layering process can contribute to

relatively lower surface roughness variations compared to the flat-printed cuboids.

5.4 Defects and Porosity Distribution

The flat-printed specimen, representing the horizontal orientation, exhibits an
overall lower density of pores compared to the vertical-printed specimen. This
implies that the printing orientation plays a significant role in the formation and
distribution of pores within the material.

Upon closer examination of the flat-printed specimen Figure 4.4.1, it is noteworthy
that there is a slightly higher concentration of pores on the C surface, which
corresponds to the top surface of the cube. This localized increase in porosity
suggests that the printing and sintering process may have encountered challenges in
achieving uniform material deposition and consolidation on this particular surface.
This is the surface that corresponds to a layer, these pores are on the layer, not
between layers. The presence of pores on the C surface may be attributed to
factors such as insufficient material flow, inadequate bonding between layers, or
variations in temperature and cooling rates during printing.

The vertical-printed specimen Figure 4.4.2, on the other hand, exhibits a more

intriguing pattern of porosity distribution. The A and B surfaces, which represent
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the side surfaces of the cube, display an identical pattern of pores arranged in
horizontal lines. This characteristic distribution suggests that the printing process,
specifically in the vertical direction, influenced the formation of these horizontal
lines of porosity. It is likely that the material deposition and consolidation in the
vertical direction resulted in the development of these distinctive pore lines.

Additionally, it is important to address the presence of deep lines on the C sur-
face (top) of the vertical cube, which may resemble pores but are more likely
related to factors encountered during the printing phase. These deep lines could
be attributed to irregularities in material flow, variations in printing parameters

subsection 2.1.4, or mechanical disturbances during the build process.

5.5 Grain Size Measurement

For the flat specimen, as depicted in section 4.5, a grain size measurement was
performed according to the standard E112-10 [56]. The average grain size value ob-
tained from the analysis was determined to be approximately 38.7 pm. This value
signifies the average diameter of the grains present in the material’s microstruc-
ture. A larger grain size typically indicates a coarser microstructure, which can
impact the material’s mechanical properties.

Similarly, for the vertical specimen, as shown in section 4.5, the grain size mea-
surement yielded an average value of approximately 37.2 pm. This measurement
suggests a microstructure with a similar average grain diameter as the flat spec-
imen. However, it is crucial to interpret these grain size measurements within
the context of the material’s fabrication process, including the 3D printing and
sintering steps.

The observed average grain sizes of approximately 38.7 pm for the flat specimen
and 37.2 pum for the vertical specimen suggest a microstructure with moderately
sized grains. Larger grain sizes may lead to reduced strength but increased duc-

tility, while smaller grain sizes can enhance strength at the expense of ductility.
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5.6 Microhardness - Vickers

Upon analyzing the microhardness results, it is evident that the values near or on
pores exhibited noticeably lower microhardness values, typically below 100. This
observation suggests that the pores might have influenced the material’s hardness
properties, leading to decreased values in the affected regions. The pores can result
from excess material being deposited during the 3D printing process, potentially
altering the microstructure and introducing variations in hardness. These lower
microhardness values near the pours could indicate a change in material properties
due to differences in grain structure.

For the flat top specimens, the average HV2.0 microhardness values were deter-
mined as 104.71, 111.16, and 110.62, respectively, as shown in Table 4.6.1. The
points taken for analysis are illustrated in Figure 4.6.2. These values indicate a
certain level of hardness in the material, with some slight variations among differ-
ent measurement points. It is worth noting that the average microhardness value
for the flat specimen HV2.0 was approximately 10 units higher than the average for
the vertical back specimen, indicating a potential difference in hardness between
the two orientations.

In the case of the vertical back specimens, the average HV2.0 microhardness val-
ues were found to be 97.17, 98.36, and 98.94, as presented in Table 4.6.2. The
points considered for analysis can be seen in Figure 4.6.2. Factors such as layer-
ing patterns, cooling rates, and the influence of gravity can affect the material’s

microstructure and subsequent hardness properties.

5.7 Finite Element Simulations

To evaluate the effect of different notches and cracks on the stress concentration
in the material, simulations were conducted to calculate the stress intensity factor
(Kt) values. The values obtained from the simulations are presented in Table
4.7.1.

From the results, it is observed that the "Perfect" crack simulation yielded the o
value of 0.93830. This indicates a relatively high-stress concentration at the crack.
Simulation 1, which corresponds to subsubsection 3.1.2.1, resulted in a stress inten-
sity factor (Kt) value of 7.21745. This value suggests a substantial stress concen-
tration at the notch, indicating that the chosen notch geometry has a considerable
impact on the stress distribution and potential failure modes.

Simulation 2, representing subsubsection 3.1.2.2, yielded a Kt value of 4.94110.

Although lower than in Simulation 1, this value still indicates the presence of
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stress concentration at the notch, emphasizing the influence of notch geometry on
the material’s stress distribution.

Simulation 3, associated with subsubsection 3.1.2.3, resulted in a Kt value of
4.33250. This value suggests a slightly lower stress concentration at the notch
compared to Simulation 2, further highlighting the influence of notch geometry on
the material’s stress distribution and failure behavior.

In contrast, the simulation without any notch or crack (No Notch/Crack) exhib-
ited a significantly lower Kt value of 2.94557. This indicates a reduced stress
concentration in the absence of any geometrical irregularities, resulting in a more
uniform stress distribution throughout the material.

Based on the higher Kt values observed for simulations with notches or cracks, it
can be inferred that these regions are susceptible to failure initiation and propa-

gation.

5.8 Tensile Tests

Four specimens were tested, with two specimens (T1 and T2) obtained from the
vertically printed cuboid, and the other two specimens (T3 and T4) obtained from
the flat printed cuboids.

It is observed that the elastic parts of the stress-strain curves for all specimens are
similar, indicating a consistent elastic response, see Figure 4.8.1. This suggests
that the sintering process and microstructure of 3161 have resulted in similar elas-
tic properties across the specimens. However, significant differences are observed
in the fracture behavior and ultimate tensile strength.

T1 fractures at a nominal strain above 0.45, with a lower stress value of approxi-
mately 500 MPa. This indicates that T1 has lower strength compared to the other
specimens. T2 fractures just below a nominal strain of 0.6, exhibiting a higher
stress value than T1 but still lower than T3 and T4. T3 fractures at around 0.65
strain with a stress level of almost 550 MPa, while T4 exhibits a similar fracture
strain but with a slightly higher strain value, still below 0.7. Both T3 and T4
show higher strength compared to T1 and T2.

These variations in fracture behavior and ultimate tensile strength can be at-
tributed to several factors related to the sintering process and microstructure of
316L. The specimens are ductile, which aligns with the fracture behavior observed
in the tested specimens. The high ductility of the material leads to premature
yielding and reduced ultimate tensile strength compared to annealed AIST 316L.

The reduction in elastic modulus observed in the sintered 316L material, 1204+17
GPa compared to the typical value of 193 GPa, can be attributed to the high
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ductility. This suggests that the material yields at lower stress levels. The offset
yield strength of 142+10 MPa further confirms the premature yielding behavior.
The ultimate tensile strength of 43217 MPa is lower than the typical value of
515 MPa for annealed AISI 316L, indicating reduced load-bearing capacity.

The high ductility and the absence of significant local necking observed in the
tested specimens indicate a uniform elongation of the gauge during loading. This
behavior is further supported by the total elongation at fracture, which exceeds
the typical value, confirming the high ductility of the sintered material.

The maximum stress the specimens could withstand before fracture is presented
in Table 4.8.3. T1 exhibited a maximum stress of approximately 500 MPa, while
T2 showed a slightly higher value of about 518 MPa. On the other hand, T3 and
T4 displayed significantly higher maximum stresses of approximately 539 MPa.
From Figure 2.1.2, it is evident that the specimens, directly printed in a doghone
shape, exhibited lower nominal stress levels below 500 MPa, similar to the stress-
strain curves observed in this study. This similarity in nominal strain behavior
suggests that the mechanical response of the specimens, despite their different ori-
gins (directly printed dogbones vs. extracted from printed cuboids), is influenced
by the sintering process.

Although the specimens were obtained through different sample preparation meth-
ods, both displayed comparable nominal strain behavior. This observation sug-
gests that the sintering process has a profound impact on the mechanical behavior
of the material, regardless of the specific sample geometry. The fact that the nom-
inal stress levels in both cases remained below 500 MPa indicates that the sintered
316L material may exhibit limitations in terms of its load-bearing capacity.

The extraction process from the cuboid shape may introduce additional stress
concentrations or alter the microstructure near the extracted region, potentially

affecting the fracture strength and stress-strain response.

5.9 Fracture Tests

5.9.1 Compliance Test

The compliance testing method, as mentioned before, although initially consid-
ered as a viable approach, encountered significant challenges that prevented the
acquisition of meaningful data for the 316L sintered material under investigation.
This section will discuss the specific challenges faced during the compliance tests
and their implications in relation to the material’s microstructure.

One of the main challenges encountered was the difficulty in achieving a controlled
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crack initiation and propagation during the precracking process. The 316L sintered
material exhibited a high level of ductility, as evidenced by the results obtained
from the tensile tests. This inherent ductility made it challenging to initiate and
propagate a controlled crack in a controlled manner. Various techniques were
explored, including adjustments to the loading conditions and the implementation
of specialized notch geometries, but achieving the desired level of crack control
and reproducibility proved to be elusive.

The second challenge stemmed from the size of the specimens used in the compli-
ance tests relative to the fixture. The specimens were relatively small, which made
it impossible to attach conventional extensometers for direct crack mouth open-
ing measurements. This limitation hindered the ability to accurately measure the
strain and deformation of the specimens during the testing process. As an alter-
native, Digital Image Correlation (DIC) was employed to record the crack mouth
opening displacement. However, due to the complex nature of crack propagation
and the limitations of the DIC system, the measurements obtained were imprecise
and unreliable. The inherent difficulties associated with accurately capturing the
crack mouth opening displacement significantly hindered the effectiveness of the
compliance method in obtaining precise and consistent results.

Despite the unsuccessful attempts to obtain meaningful data through compli-
ance testing, valuable insights were gained from these challenges. The difficulties
encountered during the precracking process highlighted the need for alternative
methodologies and techniques that can better control crack initiation and propa-
gation in highly ductile materials like 316L sintered. Furthermore, the limitations
of using conventional extensometers due to the specimen size underscored the im-
portance of developing specialized measurement techniques or adapting existing
methods to accommodate small specimens.

These insights and lessons learned from the unsuccessful compliance tests provide

a foundation for further exploration and potential future improvements.

5.9.2 Basic Procedure

Figure 4.9.1 illustrates the fracture behavior of the flat specimens, while Figure
4.9.2 presents the fracture behavior of the vertical specimens.

In Figure 4.9.1, the majority of the curves exhibit a consistent pattern charac-
terized by a plateau phase. This plateau occurs at a load slightly above 500N
and a displacement of approximately Imm. The plateau phase represents a region
where the specimen experiences relatively stable deformation without a signifi-
cant increase in load. However, two specimens, 1BFB and 3BFT, deviate from

this pattern. Specimen 1BFB reaches the plateau at a similar load but at an
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earlier displacement compared to the other curves. Meanwhile, specimen 3BFT
reaches the plateau at a load slightly above 300N and a displacement of 0.5mm.
These deviations suggest that these two specimens may have different structural
integrity. Beyond the plateau phase, the curves exhibit some dispersion, indicating
variations in the behavior of the specimens as they approach fracture. The maxi-
mum point of each curve represents the point of ultimate load or failure for that
particular specimen. The maximum load and displacement values differ across the
specimens, indicating variations in their fracture strength and deformation capac-
ity. For example, specimen 2BFT reaches a maximum load of approximately 900N
at a displacement of 3mm, while specimen 1BFB fractures at a slightly higher load
of over 1200N but at a displacement of 3.5mm. These variations highlight the in-
fluence of different factors, such as specimen notch size and printing orientation,

on the fracture behavior and mechanical response.

Moving on to Figure 4.9.2, all the vertical specimens exhibit a similar plateau
phase at a load slightly above 500N, but with variations in displacement ranging
from 0.5mm to 1.5mm. The plateau phase represents a stage where the specimens
experience limited deformation despite an increasing load. Beyond the plateau, the
curves display variations in the maximum load and displacement values, indicating
differences in fracture strength and deformation capacity among the specimens.
For instance, specimen 1YVF fractures at a load of approximately 800N and a
displacement of 3.2mm, while specimen 1Y VB fails at a load of about 900N and

a displacement of 2.4mm.

Figures 4.9.3, 4.9.4., and 4.9.5 depict the fracture behavior of specimens with
different notch sizes. In these plots, similar observations can be made regarding
the plateau phases and the maximum points of the curves. The plateau phase
in each plot represents a stage of relatively stable deformation at loads slightly
above 500N. The maximum load and displacement values vary among the curves,

indicating differences in fracture strength and deformation capacity.

Figure 4.9.3 represents the fracture behavior of specimens with R=0.25 notch size.
Similar to the previous plots, the curves exhibit a plateau phase between 0.5mm
and 1.2mm at loads slightly above 500N, indicating stable deformation. Addition-
ally, specimen 3BFT shows an additional smaller plateau phase at approximately
300N and 0.4mm. The maximum point of each curve provides insights into the
fracture characteristics. For example, specimen 1BFB reaches its maximum load
at approximately 3.5mm with a load slightly above 1200N. Specimen 1BVB frac-
tures at about 900N and 2.5mm, while specimen 3BVF fails at 780N and 2.2mm.

Moving on to Figure 4.9.4, which represents specimens with R=0.5 notch size.
The curves in this plot display a similar plateau phase at loads slightly above

500N and displacements ranging from 0.6mm to 1mm. However, specimen 1YVF
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exhibits a slightly higher plateau at 1.3mm with a load of 500N. Examining the
maximum values of each curve, specimen 1YFB fractures at approximately 1190N
and 4.6mm, specimen 1Y VF fails at 800N and 3.2mm, and specimen 1Y VB reaches
a maximum load of almost 900N at 2.4mm. Similarly, specimens 2YVF and 2YF'T
exhibit different maximum load and displacement values, indicating variations in
their fracture behavior.

Lastly, Figure 4.9.5 illustrates the fracture behavior of specimens with R=1.00
notch size. The curves in this plot display a similar pattern until the plateau
phase, which occurs at a little above 500N and around 0.5mm displacement. The
maximum load and displacement values provide insights into the fracture behav-
ior of each specimen. For example, specimen 1GFB reaches its maximum load
at approximately 1300N and 6.3mm, while specimen 1GVB fractures at about
1100N and 3.3mm. Similarly, specimens 2GFT and 1GFT exhibit different frac-
ture strengths and deformation capacities.

Fracture toughness values were obtained for each notch size, and the average
indicative values are presented in Table 4.9.2. As the notch size increases, the stress
concentration at the notch decreases. This decrease in stress concentration leads to
a higher resistance to crack propagation and, consequently, an increase in fracture
toughness. The specimens with larger notch sizes (R=1.0) tend to exhibit higher
maximum load and displacement values compared to those with smaller notch sizes
(R=0.25 and R=0.5). This observation suggests that the specimens with larger
notch sizes have a higher fracture toughness and, therefore, can withstand higher
loads and deformations before fracture occurs. The plateau phases observed in the
plots provide insights into the stability of deformation and the fracture toughness
of the specimens. In the plots, the specimens with larger notch sizes (R=1.0)
tend to have longer plateau phases compared to those with smaller notch sizes
(R=0.25 and R=0.5). This longer plateau phase indicates a greater resistance
to crack propagation and reflects the higher fracture toughness of the specimens
with larger notch sizes. It is important to note that the fracture toughness values
obtained in this study are merely indicative due to certain deviations from the
standard protocol. The specimens were not pre-cracked as outlined in the basic
procedure, and the measurement of crack propagation was not feasible. Therefore,

the fracture toughness values should be interpreted with caution.
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5.10 Fractography

Dogbone Fractured Surface

The primary focus is on the comparative visual representation of the fracture
surfaces of specimens T1, T2, T3, and T4, before and after the tensile test. The
aim is to identify the changes in fracture morphology and understand the effect of
applied stress during the test.

Table 4.10.1 depicts the fracture surface of specimen T1, which was vertically
printed. It shows a 45-degree crack that traverses the specimen, abruptly jumping
two layers of the printing pattern. The appearance of the fractured surface sug-
gests a lack of elongation. This observation raises questions about the mechanical
properties of the printed and sintered 316L. material, specifically its resistance to
crack propagation and plastic deformation.

Table 4.10.2 showcases the fracture surface of specimen T2, also printed in a
vertical orientation. In contrast to T1, T2 exhibits a ductile fracture with a
90-degree crack pattern. This type of fracture indicates that the material has
undergone plastic deformation before failure, suggesting a certain level of ductility.
The presence of plastic deformation suggests that the 3D printed and sintered 316L
material possesses the ability to absorb energy during the tensile test.

Specimen T3, presented in Table 4.10.3, was printed in a flat orientation. Similar
to T2, it displays a ductile fracture with a crack pattern resembling that of T2.
The similarity in fracture morphology between T2 and T3 suggests consistent ma-
terial behavior under similar loading conditions, despite the difference in printing
orientation.

Table 4.10.4 represents the fracture surface of specimen T4, which was also printed
in a flat orientation. It exhibits a crack pattern similar to T2 and T3. However, the
crack in T4 is slightly closer to one of the sides of the dogbone specimen, deviating
from the centrally located crack observed in T2 and T3. This variation in crack
position may indicate the presence of local heterogeneity or stress concentration
within the printed and sintered 316L material.

Etching on 3-Point Bending Fractured Surface

Figure 4.10.1 shows the etched crack on the vertical front of the fractured surface.
The magnified view in Figure 4.10.2 provides a closer look at the crack’s charac-
teristics, allowing for a more detailed examination of it’s propagation pattern.

The presence of grains, although not clearly visible in Figure 4.10.3, suggests a
polycrystalline structure, which is typical for materials like 316L. However, the

limited visibility of the grains hinders a conclusive determination of the crack
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type based solely on the etched surface.
Taking into account the material’s properties, including its composition and mi-

crostructure, it is expected that 316L may exhibit intergranular fracture behavior.

SEM of 3-Point Bending Fractured Surface

The fractography analysis of the 3161, material using SEM images provides valu-
able insights into the fracture behavior and ductility of the specimens. The SEM
images were captured on the fractured surfaces of the vertical front, vertical back,
flat front, and flat back specimens.

The SEM images of the vertical front specimens presented in Table 4.10.5, the
image of specimen 1Y VF shows the presence of dark spots indicating contamina-
tion on the fractured surface. Despite multiple cleaning attempts of the specimen,
some level of contamination remains. Both specimens on this table exhibit a dis-
tinct layered pattern on the fracture surface, which corresponds to the printing
direction, that was vertical in this case.

Table 4.10.6, which showcases SEM images of the vertical back specimens, the
images provide a more apparent indication of ductility on the fracture surface.
The presence of ductile features, such as dimples and elongated voids, suggests
that the material underwent plastic deformation before failure. This observation
is consistent with the expectation of 316L being a ductile material.

Examining the SEM image in Table 4.10.7, which corresponds to the flat front
specimen, the fractured surface displays pores, but no distinct layered pattern is
visible. This indicates that the fracture surface is not influenced by the printing
direction and suggests a more isotropic fracture behavior.

Finally, Table 4.10.8 presents the SEM images of the flat back specimens. Similar
to the flat front specimens, the fractured surfaces show the presence of pores, but
no prominent layered pattern is observed. The presence of pores further suggests
the material’s ductile behavior, as the pores can act as nucleation sites for void

formation during plastic deformation.
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CONCLUSIONS

Throughout this thesis, the potential of producing stainless steel 316L using the
MEAM technique while striving to maintain mechanical properties comparable to
conventionally manufactured specimens was explored. The study involved the use
of printed specimens with a composite filament composed of 316L. powder particles
and a polymer binder, followed by crucial post-processing steps such as debinding
and sintering.

As this research is concluded, it is evident that the techniques employed in the
MEAM and mechanical testing process hold promise but require further refine-
ment. Despite the progress made, we encountered challenges leading to the pres-
ence of significant pores and rough surfaces in the printed specimens.

In our pursuit of overcoming these limitations, a comprehensive analysis was con-
ducted, covering various aspects such as particle size distribution, surface rough-
ness, defects and porosity distribution, grain size, microhardness, finite element

simulations, fracture tests, tensile testing, and fractography.

Specimen Preparation

In conclusion, the preparation of dogbone specimens for tensile testing was exe-
cuted with precision and attention to detail. Although minor discrepancies were
observed in the thickness of some specimens, these variations are considered ac-
ceptable and are not anticipated to significantly affect the test results. Conse-
quently, the extracted dogbone specimens were expected to provide reliable and
representative data for subsequent mechanical tests.

The extraction process of 3-point bending specimens encountered more challenges.
The cutting of these specimens proved to be a more complex task, resulting in a
higher failure rate. Imperfections and variations in the notch sizes of the specimens

were also observed, necessitating the replacement of some specimens. These chal-
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lenges predominantly stemmed from inexperience and issues with the machine’s

cutting code.

Particle Size Measurement

The particle size measurements conducted revealed an average particle size of
approximately 16 micrometers. However, smaller particles within the microscope’s
range of focus may have influenced this average, while larger particles located away

from the focal plane might have been overlooked in the measurements.

Surface Roughness Evaluation

The surface roughness evaluation of the cuboids revealed notable differences in
variation between the Top and Side surfaces, as well as between the different
printed orientations.

Considering the different orientations of the cuboids, it is expected that the flat-
printed cuboids would exhibit a higher degree of surface roughness variation com-
pared to the vertical-printed cuboids. This is due to the larger surface area in

contact with the build platform for flat-printed cuboids.

Defects and Porosity Distribution

The flat-printed specimen, representing the horizontal orientation, exhibited an
overall lower density of pores compared to the vertical-printed specimen. It was
observed that there is a slightly higher concentration of pores on the top surface
of the flat cube. In contrast, the vertical-printed specimen displayed a distinctive
pattern of porosity distribution. The side surfaces of the cube exhibited horizontal
lines of pores. This pattern suggests that the printing process, particularly in the
vertical direction, influenced the formation of these pore lines. Material deposition
and consolidation in the vertical direction likely contributed to the development of
these distinctive pore lines. The presence of deep lines on the Top of the vertical

cube are likely related to factors encountered during the printing phase.

Grain Size Measurement

The average grain size values obtained from the analysis were approximately 38.7
m for the flat specimen and 37.2 m for the vertical specimen. These measurements
indicate that both specimens have a similar microstructure with moderately sized

grains.
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Microhardness - Vickers

Lower microhardness values were observed near or on the pores, indicating that the
presence of pores can influence the material’s hardness. For the flat top specimens,
the average HV2.0 microhardness values ranged from 104.71 to 111.16, indicating
a certain level of hardness in the material. Slight variations were observed among
different measurement points, suggesting localized differences in hardness. the
average microhardness value for the flat specimens was approximately 10 units
higher than that of the vertical back specimens, suggesting a potential difference in
hardness between the two orientations. In the case of the vertical back specimens,

the average HV2.0 microhardness values ranged from 97.17 to 98.94.

Finite Element Simulations

The simulation of a "Perfect" crack revealed a high o value of 0.93830, indicating
a significant stress concentration at the crack. Simulation 1, corresponding to
a specific notch geometry, resulted in a higher Kt value of 7.21745, indicating
substantial stress concentration at the notch.

Simulation 2, with a different notch geometry, yielded a lower Kt value of 4.94110,
indicating stress concentration at the notch but to a lesser extent than in Simula-
tion 1.

Simulation 3, with another notch geometry, resulted in a slightly lower Kt value
of 4.33250, highlighting the influence of notch geometry on stress distribution and
failure behavior.

In contrast, the simulation without any notch or crack (No Notch/Crack) exhibited
a significantly lower Kt value of 2.94557, indicating reduced stress concentration

and more uniform stress distribution throughout the material.

Tensile Test

The tensile tests conducted on four specimens, two obtained from vertically printed
cuboids (T1 and T2) and two from flat printed cuboids (T3 and T4), reveal con-
sistent elastic properties across all specimens.

T1 exhibits lower strength, fracturing at a nominal strain above 0.45 with a stress
value of approximately 500 MPa. T2 fractures just below a nominal strain of
0.6, displaying higher stress than T1 but lower than T3 and T4. T3 fractures
at around 0.65 strain with a stress level of almost 550 MPa, while T4 exhibits a
similar fracture strain but with a slightly higher stress value, still below 0.7. Both
T3 and T4 demonstrate higher strength compared to T1 and T2.

The specimens exhibit ductile behavior, resulting in premature yielding and re-

duced ultimate tensile strength compared to annealed AISI 316L. The reduction
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in elastic modulus and offset yield strength further confirms this yielding behavior
and reduced load-bearing capacity.

The high ductility and absence of significant local necking indicate uniform elon-
gation during loading, supported by the total elongation at fracture exceeding the
typical value. Porosity between strands due to insufficient overlap or temperature
differences during printing hampers merging, but optimizing printing parameters
and altering the sintering process may improve material uniformity and reduce
porosity. The nominal stress levels remaining below 500 MPa indicate potential
limitations in the material’s load-bearing capacity. The extraction process from
cuboids may introduce stress concentrations or alter the microstructure near the

extraction region, affecting fracture strength and stress-strain response.

Fracture Tests
Compliance Test

The compliance testing method faced significant challenges in obtaining meaning-
ful data. Difficulties in achieving controlled crack initiation and propagation due
to the material’s high ductility posed a major obstacle. Various techniques were
explored, but reproducing desired crack control proved elusive.

The small size of the specimens prevented the use of conventional extensometers
for accurate measurements, necessitating the use of Digital Image Correlation
(DIC) for crack mouth opening displacement. However, the complex nature of
crack propagation and the limitations of the DIC system resulted in imprecise and
unreliable measurements.

Although the compliance tests did not yield meaningful data, they provided valu-
able insights. The challenges highlighted the need for alternative methodologies
and techniques to control crack initiation and propagation in highly ductile mate-
rials like printed 316L.

Basic Procedure

The fracture behavior of the tested specimens reveals consistent patterns char-
acterized by a plateau phase, representing stable deformation, at loads slightly
above 500N and varying displacements. Deviations in fracture behavior are ob-
served in certain specimens, indicating potential differences in structural integrity.
Variations in maximum load and displacement values across specimens highlight
the influence of factors such as specimen notch size and printing orientation on
fracture strength and deformation capacity.

Similar observations are made in the fracture behavior of vertical specimens and

specimens with different notch sizes.
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Fractography

Dogbone Fractured Surface

The fractography analysis of the dogbone specimens provides valuable insights
into the fracture behavior and mechanical properties of the material. Specimens
T1 and T2, printed vertically, exhibit distinct fracture surface characteristics,
including crack orientation and deformation patterns. In contrast, specimens T3
and T4, printed in a flat orientation, demonstrate fracture behavior similar to T2,
suggesting that printing orientation may have a limited influence on the fracture
characteristics of the material. The observed crack deviation in T4 highlights the

potential role of local heterogeneity or stress concentration in fracture behavior.

Etching on 3-Point Bending Fractured Surface

The etching techniques provided valuable visual information on the crack charac-
teristics and it’s correlation with the material’s properties. The limitations in the
visibility of grains on the etched surface hinder a definitive determination of the
crack type on the grains. Further investigations involving advanced microscopy
techniques and additional fracture analysis methods to confirm the presence of

intergranular fracture or explore other potential fracture modes.

SEM of 3-Point Bending Fractured Surface

The SEM images of the fractured surfaces provide important insights into the frac-
ture behavior and ductility of the 3161, material. The presence of contamination
on the vertical front specimens highlights the importance of thorough cleaning
processes. The distinct layered pattern observed on the fracture surfaces of the
vertically printed specimens corresponds to the printing direction. The absence
of a layered structure on the flat specimens indicates a more isotropic fracture
behavior. The presence of pores on the fracture surfaces, along with the observed

ductile features, supports the expected ductility of the 3161 material.
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6.1 Further Work

While the conducted tests were well-executed overall, certain small details were
not possible to achieve due to constraints or limitations. Therefore, future work
should place a strong emphasis on fulfilling the requirements stipulated by the
standards, in order to ensure the reliability and comparability of the obtained
results.

It is crucial to ensure that future investigations adhere to the established stan-
dards for fracture testing. Specifically, the precracking phase should be correctly
implemented according to standard procedures. This will enable the acquisition
of accurate and reliable data for both procedures of fracture tests, ensuring the
validity of fracture toughness calculations. Furthermore, it is recommended to em-
ploy not only Digital Image Correlation (DIC) but also a displacement extension
clip to accurately measure the crack mouth opening displacement, thus enhancing
the precision of the analysis. By addressing these areas, the research can provide
more comprehensive insights into the behavior of the material and enhance the

understanding of its mechanical properties and performance.
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APPENDIX
A

PARTICLE SIZE MEASUREMENTS

Table A.0.1: Particle Size Measurements in micrometers.

Values

15.33

12.9

9.35

18.09

22.25

14.88

11.34

23.22

6.48

22.28

17.77

6.80

11.66

16.80

6.52

16.88

21.00

25.18

15.60

23.24

17.77

9.40

31.62

15.92

Average:

16.345
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APPENDIX

B

ROUGHNESS EVALUATION

Values

The cuboids available for the roughness evaluation were two flat printed and 4

vertically printed cuboids.

Table B.0.1: Rougness Values, measured in micrometers.

Cube | Direction | RA1 | RA2 | RA3 | RA4 | RA5 | Average per Surface | Average per Cube
F1 Axis | Y 287 | 279 | 334 |238 |25 27.76

F1 Axis 7 32.2 | 54 30.7 | 254 | 549 | 39.44 33.60
F2 Axis Y 20.3 | 285 |304 |32 24.6 | 27.16

F2 Axis 7 37.8 |20.1 |333 |214 |27.7 | 28.06 27.61
Vi1 Axis | Y 284 | 20 31.8 | 26.7 |26.6 |26.70

V1 Axis 7 55.8 124.6 | 442 |243 |25 34.78 30.74
V2 Axis Y 20.8 | 24 23.5 | 32.6 |28.2 | 25.82

V2 Axis Z 52.1 | 27.8 |222 |281 |21.1 | 30.26 28.04
V3 Axis | Y 217 | 229 | 31.8 |238 |266 |25.36

V3 Axis 7 54.1 19.3 | 372 |244 | 248 | 31.96 28.66
V4 Axis Y 29.5 | 24.6 |26.1 |229 |264 |25.90

V4 Axis 7 23.1 [ 29.2 243 |239 | 355 |27.20 26.55
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F1

Table B.0.2: Roughness 3D image example for illustration purposes - 5 measures
taken in different positions of the top of the cuboid printed flat number 1. The
evaluation length used was 2.5 mm per each measure.

F'l




Table B.0.3: Roughness Graphs example for illustration purposes - Cube F2.
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APPENDIX
C

MICROHARDNESS - VICKERS
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Table C.0.1: Vickers values on Flat Top Specimen, measured in micrometers.

Flat Top | Value | D1 D2
A1l 76.7 213.7 | 226.1
A2 104.2 190.7 | 190.7
A3 103.9 190.3 | 191.6
A4 106.0 190.2 | 188.1
A5 104.8 188.1 | 188.1
A6 110.1 188.1 | 183.1
AT 106.3 187.1 | 186.5
A8 117.9 177.5 | 177.1
A9 110.1 183.6 | 183.5
A10 107.1 186.1 | 186.1
Average: | 104.71

B1 105.8 186.1 | 188.3
B2 112.2 181.8 | 181.8
B3 102.3 190.4 | 190.4
B4 106.9 186.3 | 186.3
B5 113.5 179.5 | 182.1
B6 107.6 184.3 | 187.0
B7 119.1 176.5 | 176.4
B8 113.8 180.5 | 180.5
B9 113.2 181.0 | 181.0
B10 117.2 178.3 | 177.5
Average: | 111.16

C1 104.7 188.2 | 188.2
C2 114.3 180.1 | 180.2
C3 113.7 180.6 | 180.6
C4 103.4 189.4 | 189.4
C5 110.1 183.6 | 183.6
C6 110.1 183.6 | 183.6
C7 113.2 182.2 | 179.8
C8 109.9 182.9 | 184.5
C9 112.5 179.2 | 183.8
C10 114.3 179.6 | 180.7
Average: | 110.62
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Table C.0.2: Vickers values on Vertical Back Specimen, measured in microme-

ters.

Vertical Back | Value | D1 D2
Al 103.4 | 189.4 | 189.4
A2 79.6 2159 | 215.8
A3 77.1 219.4 | 219.3
A4 68.0 233.6 | 233.6
A5 114.0 | 180.3 | 180.4
A6 107.7 | 185.5 | 185.7
AT 110.6 | 182.8 | 183.5
A8 111.3 | 181.9 | 183.2
A9 108.3 | 185.1 | 185.1
A10 91.7 201.1 | 201.1
Average: 97.17

B1 82.2 212.4 | 2124
B2 98.5 194.1 | 194.0
B3 113.0 | 181.2 | 181.2
B4 107.6 | 185.6 | 185.7
B5 107.9 | 185.4 | 185.4
B6 109.6 | 183.9 | 183.9
B7 108.8 | 182.2 | 186.9
B8 95.8 195.9 | 197.6
B9 83.2 211.1 | 211.1
B10 77.0 219.5 | 219.5
Average: 98.36

C1 78.7 217.1 | 217.1
C2 102.3 | 190.4 | 190.4
C3 102.5 | 190.3 | 190.3
C4 97.2 195.3 | 195.3
C5 77.3 2189 | 219.0
(0]} 107.8 | 185.5 | 185.5
C7 115.6 | 179.7 | 178.5
C8 107.5 | 185.4 | 186.2
C9 110.6 | 183.1 | 183.2
C10 89.9 203.2 | 203.1
Average: 98.94
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APPENDIX
D

SIMULATIONS

Example:
If the maximum stress at the apex of the notch was found to be 100 MPa, and
the stress in the specimen without the notch was 50 MPa, the stress concentration

factor would be:

~ 100M Pa

Ki= s =2 (D.1)
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