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Background

The Advanced Materials and Advanced Manufacturing Technologies Conference (A2M2C)
is designed to foster dialogue and collaboration among researchers, academicians, and
industry experts by exploring cutting-edge methods and innovative approaches in materials
science and manufacturing technologies. The conference focuses on advancing value-added
products and provides a platform for discussing a wide range of topics spanning engineering,
interdisciplinary academic research, and industrial applications.

One of the highlights of the A2M2C conference is its emphasis on additive manufacturing
methods, which have revolutionized manufacturing methodologies and continue to shape the
future of the field. The conference serves as a meeting point for national and international
participants, encouraging the exchange of ideas and knowledge that drive innovation.

The inaugural A2M2C conference also marks an important milestone for several high-
impact projects, including the “Advanced Materials and Advanced Manufacturing
Technologies (A2M2TECH)” project (www.a2m2tech), funded by the European
Commission and TUBITAK, and the “New Generation 3D Printer Manufacturing
Technologies Platform (3B-YIB)” (www.ektam.gaz.edu.tr) project, supported by TUBITAK.
Attendees will gain insight into the breakthroughs achieved through these initiatives, as well
as the latest research results derived from experiments conducted by leading academics in
their respective fields. By bringing together diverse perspectives and expertise, the A2M2C
conference aims to inspire collaborations that advance both academic research and industrial
innovation, ensuring a brighter future for advanced materials and manufacturing
technologies.
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A Solid Solution-Based Tough Polymer Electrolyte for Structural

Energy Storage Applications
P. Teymoory*!, Y. Chang!, C. Shen?

1. Department of Mechanical Engineering, University of Massachusetts Dartmouth 285 Old
Westport Road, North Dartmouth, MA, USA, 02747 pteymoory@umassd.edu / 1-508-999-
8449

Abstract

Multifunctional structural energy storage components that can replace existing structural
components while providing additional energy storage capability can ease the power demands
of various electrically powered systems. The serious trade-offs between the mechanical and
electrochemical performance of structural electrolytes are a challenge to realizing practical
structural energy storage components. In this research, a solid polymer electrolyte with hydrates
was created using polylactic acid and lithium salt. One of the compositions achieved a
significant ionic conductivity (3.11 pS/cm) with an excellent toughness (15.4 MJ/m3) that is
one order higher than the base polymer. This study demonstrates the possibility of incorporating
electrochemical functionality into structural composites while maintaining or even enhancing
mechanical functionality, guiding the design of future structural energy storage components

Keywords: Structural energy storage; Supercapacitors; Solid polymer electrolyte;
Multifunctionality.

Introduction

In electrically powered mobile systems, the heaviest components are energy storage devices
and supporting structures. Taking an electric vehicle as an example, about 30% of the weight
comes from the battery, and over 35% from structural components including frame, exterior,
and interior. To further improve the operation time, travel range, and functionality of such
systems, especially when the batteries are approaching their performance limit, one solution is
to develop multifunctional structural energy storage components, which can replace existing
structural components and provide extra energy storage capability. Researchers have
demonstrated structural supercapacitors for this purposel. Most of these devices share the
configuration of laminate fiber composites, in which two layers of carbon fiber electrodes are
sandwiching a glass fiber separator and filled with an ion-conducting solid electrolyte as the
matriX. The energy is stored through the electric double-layer capacitance effect at the carbon
fiber-solid electrolyte interface. In almost all previous studies, the solid electrolytes are made
of bi-continuous phase electrolytes (BPES), which are simply the mixtures of liquid electrolytes
and epoxy resins2. The BPEs, however, have significant trade-offs between mechanical and
electrochemical performance and poor electrochemical interfaces with electrode materials.

Our recent study demonstrated a solid polymer electrolyte incorporated with hydrates (denoted
as SPE-H) that provides promising multifunctionality3. We used polyethylene terephthalate
(PET) as the base polymer and melted it together with lithium perchlorate (LiCIO4) to produce
an amorphous solid solution. The PET- LiClO4 electrolyte was then hydrated under controlled
humidity to convert the salt to its trihydrate (LiC1O4-:3H20). Unlike previous designs of BPEs,
we found that the SPE-H provided significant ionic conductivity while retaining the base
polymer’s stiffness and toughness. Moreover, such electrolytes showed much better
electrochemical interfaces with electrodes. In this research, we present another SPE-H system
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made from a different base polymer, polylactic acid (PLA), and another salt, lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI). The new material system is easier to process and
form desired shapes through various techniques. One of the compositions achieved a significant
ionic conductivity (3.11 uS/cm) with an excellent toughness (15.4 MJ/m3) that is one order
higher than the base polymer after proper thermal treatment and controlled hydration.

This is the first evidence to show that it is possible to incorporate electrochemical functionality
into structural composites while retaining or even enhancing their mechanical functionality.
The mechanisms learned in this study can guide the design of better structural energy storage
components in the future.

Experimental Set Up

Sample preparation: In a typical process, 2 grams of PLA and x wt% (x = 10 to 50) of LiTFSI
were mixed in 40 ml of dimethylformamide (DMF). The mixture was put on the hot plate and
stirred vigorously under 110°C for 12 hours overnight to ensure the homogeneity of the
solution. Then the solution was cast on a Teflon plate at 120°C for 6 hours. We denote the
samples at this stage as “As-cast SE x”, where SE stands for structural electrolyte and x reflects
the wt% of the salt. The as prepared SE samples had residual DMF, so the cast film was then
put into a convection oven at 165°C for one hour to evaporate the residual solvent as much as
possible. The samples are denoted as “Dried SE x” after this step. These dried samples can be
melted and shaped through hot press, hot rolling, or injection molding. The shaped samples
were then exposed to air with controlled humidity in an environmental chamber. The samples
will absorb water molecules from the air because of the hygroscopic nature of the salt. The
amount of water absorbed is self-limiting at fixed temperature (22°C in our laboratory) and
relative humidity, as demonstrated in our previous studies3,4. The samples are denoted as
“Hydrated SE x” after this step. Although it seems that the hydrated samples are only the results
of replacing the DMF in as-cast samples with water, later tests show that the hydrated samples
have both higher ionic conductivities and better mechanical properties than the as-cast ones.
Material characterizations: Fourier transform infrared spectroscopy (FTIR) testing was
conducted on an Agilent Cary 630 to detect the presence of chemicals. Electrochemical
impedance spectroscopy (EIS) was conducted using a Gamry Interface 1010 potentiostat to
obtain the impedance of electrolyte samples for ionic conductivity calculation. Tensile tests
were conducted using rectangular samples on an Instron 5569 testing machine to obtain their
mechanical properties.

Results and Discussions
FTIR results:

The chemical compositions of the electrolyte samples are confirmed by FTIR analysis, which
characterizes chemical bonds through the absorbance peaks of infrared light in resonant
frequencies. The FTIR spectra of pure chemicals, including PLA, LiTFSI, DMF, and water are
first tested and presented in Figure 1a. Pure PLA is featured by an absorption peak near 1749
cm* caused by C=0 stretching, and many peaks in the range of 1500 cm™ to 1250 cm™ due to
C-H stretching and 1250 cm™ to 1000 cm™ due to C-O stretching °. LiTFSI has strong feature
peaks between 1500 cm™tand 1000 cm™, but it is small peaks around 3600 cm™ that distinguish
it from other chemicals. DMF shows the strongest feature peak at 1665 cm™ caused by C=0
stretching. Liquid water is featured by a broad peak around 3300 cm™. The FTIR spectra of
representative structural electrolyte samples are plotted in Figure 1b. The as-cast SE 40 sample
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show two feature peaks at 1749 cm™ and 1665 cm™, respectively, indicating the existence of
both PLA and residual DMF. The DMF can be completely removed after the drying process,
as the feature peak of DMF disappears in the dried SE 40 sample. The spectrum of the hydrated
SE 40 sample, however, shows little difference from the dried sample. The absence of peaks
around 3300 cm indicates the absence of liquid water. A small rise of absorbance near 3600
cm is caused by the interaction between LiTFSI and water.

lonic conductivity results:

The ionic conductivities of as-cast SE samples with various compositions are first tested and
shown in Figure 2a. The values increase by three orders of magnitude from 4.2x10* pS/cm to
8.7x10! uS/cm when the weight ratio of the salt increases from 10% to 50%. The increase of
ionic conductivity is partially due to the increased amount of salt ions. More importantly, it is
caused by the increased amount of residual DMF that is associated with the salt. When the DMF
is completely removed, the ionic conductivity decreases sharply.

(a) ——PLA (b) — SE 40 - As-cast
A——LiTFSI 1—— SE 40 - Dried
] DMF ] SE 40 - Hydratedm
Water
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Figure 1. FTIR spectra of (a) pure chemicals used in the preparation of structural electrolyte
samples and (b) representative structural electrolyte samples at different stages of processing.

For example, the ionic conductivity of SE 40 decreases from 4.8x10 uS/cm (as-cast, Figure
2a) to 1.1x10™ pS/cm (dried, Figure 2b). The hydration process, on the other hand, will restore
the ionic conductivity, as shown in Figure 2b. For SE 40, its ionic conductivity increases to 3.11
puS/cm when hydrated at a relative humidity of 70%, and it reaches 59.1 uS/cm when hydrated
at 80% humidity. The hydration is self-limiting up to the humidity of 70% as indicated by the
controlled weight gain (due to water absorption) measured in Figure 2c. However, the water
absorption becomes out of control when the humidity reaches 80%, under which the salt will
absorb too much water to form liquid solution. Liquid droplets were detected on samples, and
the SE samples became gels with significantly reduced mechanical properties. Therefore,
hydration under 70% humidity is considered as the optimized processing condition.

Tensile test results:

The stress-strain curves of as-cast SE samples with various compositions are presented in
Figure 3a. As more LiTFSI is added to the polymer matrix, the samples show decreased elastic
moduli and tensile strengths.
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Figure 2. (a) The ionic conductivity of as-cast structural electrolyte samples with various
weight ratios of LiTFSI. (b) The ionic conductivity of SE 40 samples hydrated at various relative
humidity levels. (c) The weight change of SE 40 samples hydrated at various relative humidity
levels.

However, the ductility of the samples increases greatly with more salts in them, resulting in
very high toughness values as shown in Figure 3b. The significant increase in ductility indicates
that the salt, together with the residual DMF, acts as a plasticizer in the material system. The
toughness of the base polymer PLA is 1.83 MJ/m?, which is comparable to the values reported
in the literature ®. The toughness of as-cast SE 40, however, improves by one order of magnitude
and achieves 18.5 MJ/m3. Then the mechanical properties of the SE 40 samples at different
stages of processing are tested and shown in Figure 3c. The samples become stiffer and stronger
after DMF is removed, while most of the ductility is preserved. As a result, the dried SE 40
presents a toughness of 30.0 MJ/m?. Hydration of the samples will decrease the elastic modulus
and strength again, but they are still stiffer and stronger than the as-cast ones. The hydrated SE
40 (hydrated at 70% humidity) has a toughness of 15.4 MJ/m3, which is still one order of
magnitude higher than that of pure PLA.
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Figure 3. (a) The stress-strain curves of pure PLA and as-cast SE samples with various weight
ratios of LITFSI. (b) The average toughness values of pure PLA and as-cast SE samples with
various weight ratios of LiTFSI. (c) The stress-strain curves of SE 40 at different stages of
processing. (d) The average toughness values of SE 40 at different stages of processing.
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Conclusions

We have demonstrated a solid polymer electrolyte incorporated with hydrates (SPE-H) using
hydrated PLA-LiTFSI samples for potential structural energy storage applications. We found
that the samples prepared by solution casting method have significant solvent residuals that
greatly affect the ionic conductivity and mechanical properties of the electrolyte system. The
samples can be processed and shaped through various techniques including hot rolling and
injection molding after complete removal of the residual solvent. The final electrolyte prepared
through proper hydration of the dried samples achieves a significant ionic conductivity (3.11
nS/cm) with an excellent toughness (15.4 MJ/m?) that is one order higher than the base polymer.
Future research will demonstrate the processing of such electrolyte through 3D printing and the
combination with electrode materials for high-toughness multifunctional structural energy
storage devices.
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Abstract

Additive manufacturing (AM) processes have wide applications in a variety of industries,
especially aerospace, automobile, biomedical, marine, and other industries. The mechanical
properties of these AM-manufactured parts are mostly affected by the process parameters.
Volumetric energy density (VED) measures the cumulative effect of process parameters in this
work, the relationship between VEDand mechanical properties was established. Three different
groups of AlSi10Mg samples having different values of VED in conduction, transition, and
keyhole mode were manufactured using selective laser melting process. It was found that
specimens having VED value in conduction mode exhibited higher tensile strength than the
other two groups’ specimens having VED value in transition and keyholemode. However, the
fracture strain of transition mode samples was reported to be higher than the othertwo groups
of specimens.

Keywords: AISi1l0Mg, Selective laser melting, Volumetric energy density, Tensile strength,
Fracture strain

Introduction

Additive manufacturing (AM) or 3D printing is the process of joining materials in order to create
objectsfrom three-dimensional model data usually layer bylayer upon layer. The 3-D printer
performs similarlyto a typical inkjet printer, however, rather than printing a layer of ink on paper,
a 3-D printer utilizesmaterials to construct a three-dimensional part [1]. Powder bed fusion (PBF)
and Direct EnergyDeposition (DED) AM techniques are more suited for the manufacturing of
metallic parts. AM procedures most utilized in powder bed fusion techniques include selective
laser melting (SLM)and electron beam melting (EBM). In these AM techniques, a molten pool is
formed by the interaction of a laser or electron beam with the feedstock powders, permitting rapid
melting and re-solidification [2,3]. The Si-rich aluminum alloy AISi10Mg is the most important
of all aluminum alloys. The AlISi10Mg alloy is a hypoeutectic aluminum alloy. Because of its
excellent castability, low density, and combination of remarkable mechanical properties, it is
widely used in the automotive, aerospace, and military industries[4]. The process parameters of
SLM-manufactured AlISi10Mg parts have a substantial impact on the part’s eventual mechanical
qualities. The most academic argument is over laser power, scan speed, hatch spacing, layer
thickness, and scan method [5,6]. Lv et al. investigated the effect of scanning speed on the quasi-
static elongation as well as the tensile strength of AlsilOMg manufactured through the laser
melting deposition process (LMD). Tensilestrength increased initially and then decreased as scan
speed increased, although elongation increased[7]. Wang et.al [8] researched on increasing the
laser's power from 480 W to 1200 W. The highest tensile strength was obtained with a laser power
of 910 W. However, as the laser's power increased, thetotal elongation increased considerably.
Karan s. et.al [9] found that the tensile strength of aluminum alloy 5183 manufactured using wire

arc additive manufacturing reduces as the deposition thickness increases. The effect of hatch
6
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spacing was studied byllyas et.al [10]. They found that For Ti64 manufactured by SLM, the
ultimate tensile strength values decreased as the hatch spacing increased;however, the elongation
values showed a different trend. The elongation values rose to 67.5 pm and subsequently declined

as the hatch spacing increased. Noriko. et.al[11] studied the effect of build direction on the static
mechanical properties and concluded that tensile strength and elongation of SLM-manufactured
AISilOMg parts alloy having horizontal built direction were higher than the vertically
manufactured parts. Volumetric energydensity (VED) is an important manufacturing parameter

for melting powder raw materials. It indicates the energy transmitted by a laser beam to a

unit volume of powder material and corresponds with numerous laser and scan characteristics. The most
often used method of representing energy density is as follows.

Where P denotes laser power (w), v refers to scanning speed (mm/sec), h implies hatch space(mm), and
t specifies layer thickness (mm) [12,13]. There are three types of SLM melting modes i.e., Conduction,
transition, and keyhole. The VED isless than 50J/mm? in conduction mode and between50 and 65 J/mm?
in transition mode. This is keyholemode when VED exceeds 65J/ mm?3 [14].

The current work aims to link the static mechanical behavior of AISil0Mg produced via SLM to
volumetric energy density. For that purpose, 3 groups of specimens having different VEDs were
manufactured, and their static mechanical behavior was compared.

Material and Methods
Specimens manufacturing

Specimens were manufactured horizontally at Gazi University Additive Manufacturing Technology
Application and Research Center (EKTAM) using aConcept Laser-M2 CUSING model-based 3D
Printer. The following table shows the VED of eachgroup sample manufactured.

Table 1. VED of fabricated specimens

G | VG
Group 1 74.4
Group 2 56.81
Group 3 24.6

Tensile testing

Tensile testings were performed at the dynamic testing and modeling lab at Izmir Institute of
Technology Turkey using Shimadzu AG-X 300 kN universal testing apparatus. The data from the device
was further verified by using DIC (digital image correlation). For DIC MATLAB 2022b with ncorr was
employed [15]. The strain rate during the tensile testing was 10 sec™®. Figure 1 shows the arrangement of
the testing machine.
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Figure 1. Tensile testing setup

Microstructure analysis
Surface and internal morphology was studied usinga scanning electron microscope (SEM) at Izmir

Institute of Technology Material Research Center.
Result and Discussion

Thermal Behavior
Four specimens from each group were tested and the behavior of samples within in group was almost

similar. Figure 2 shows the fracture specimens after testing.

Figure 2. Fracture specimens
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The true stress and true strain comparison of 3 groups samples are shown in the below figure.
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Figure 3. True stress vs True strain comparison
From the above figure, Group 3 samples having a VED value of 24.6 j/mm3 (conduction mode of
melting) exhibited the highest tensile strength of 311.5 MPa while Group 1 samples having VED
value of 74.4 J/mm3 (keyhole mode of melting) showed the lowest tensile strength of 246.01 MPa.
Group 2 samples whose melting mode was transition (VED of 56.81 J/mm3) possessed a tensile
strength of 279.15 MPa. It dictates that VED value and tensile strength have an inverse relationship.
Increasing VED increases the temperature of molten metal because of which more hydrogen[H]
is absorbed in the molten metal pool. During the solidification step the temperature is low and releases
more [H] ultimately leading to more pores and due to these pores, the tensile strength and yield
strength of samples drops [14,16].Furthermore, from Figure 3 it is evident that the fracture strain
initially increases from 0.038 to 0.056 as the VED is increased from 24.6 to 56.81 J/mm3 and then
drops to 0.030 when the VED is further increased to 74.4 J/Jmm3. Increasing VED up to a certain value
causes the slag to adsorb around the pores and produce a fine microstructure which produces a ductile
condition. Further enhancement in VED does not keep this track and reduces the fracture strain [17].
So that is why fracture strain increased and then decreased when the VED value raised.
Microstructure analysis
The microstructure of each of the corresponding samples is depicted in the below figure 4. White
spots represent the number of pores present in the specimen. The aforementioned figure elucidated
that as the mode of melting changed from conduction to keyhole or the Value of VED increased the
number of pores increased in the sample.
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(b)

Figure 4. Pores content comparison: (a)Group 3 sample, (b) Group 2 sample, (c) Group 1
sample.

Conclusion

In this study, VEDs at different melting modes were correlated with the mechanical behavior of
AIlSi10Mg manufactured by SLM. Based on the experimental data and analysis the following
conclusion can be made:

(1). Tensile strength decreases as VED value increases. Samples having a VED of 24.6 JJmm3
showed tensile strength of 311.5 MPa. When the VED values increased to 56.81 and 74.4 J/Jmma3 the
tensile strength dropped to 279.15 MPa and then 246.01 MPa.

(2). Fracture strain(ductility) increases and then drops when the VEDs value increases. Initially,
fracture strain increased from 0.038 to 0.056 as the VED increased from 24.6 to 56.81 JJmm3 and
then dropped to 0.030 when the VED was further increased to 74.4 JJmma3 from 56.81 J/mma3.

(3). The number of pores increases as the VED value rises in the samples. Group 3 samples having
VED (24.6 JJmm3) in conduction possessed very few pores than Group 2 samples owing VED (56.81
J/mm3) in transition mode. Further, Group 2 sample pores are lesser than Group 1 samples possessing
VED (74.4 J/mm3) in keyhole mode.
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Abstract

Additive manufacturing (AM) has revolutionized the production of complex components but poses
challenges regarding quality assurance. This study delves into the interplay between surface roughness,
density (reflecting the presence of defects), and AM process parameters in three uniquely fabricated
samples. We delve into the density of specimens, which serves as a critical indicator of internal defects.
The comprehensive understanding of surface roughness, density, and defect analysis achieved through
characterization and experimental testing provides valuable insights. These insights empower us to
optimize processing parameters to enhance surface finish, minimize defects, and improve the mechanical
performance of AM produced components. The investigation capitalizes on advanced technique, X-ray
Computer Tomography (XCT), and analysis, to provide a holistic view of AM part quality. While our
initial findings suggest a promising relationship between the variables under study, we must
acknowledge the need for more detailed experiments in our future scope. Further research will help
solidify these relationships and refine our understanding of AM process optimization.

Keywords: Additive Manufacturing, Computer Tomography, Surface Roughness, Density, Defect
Analysis.

Introduction

Additive manufacturing (AM), a technology that constructs intricate 3D objects by layering materials
based on digital solid models, has evolved from its initial role in rapid prototyping to a groundbreaking
method for producing functional and structural components. AM offers significant advantages in design
flexibility, personalized product creation, and efficient low-volume production, making it a compelling
alternative to conventional manufacturing techniques. Laser powder bed fusion (L-PBF) stands out
among the various metal AM processes. In L-PBF, metallic powders are melted layer by layer using a
heat source during fabrication, providing remarkable flexibility in manufacturing. This technique
currently dominates the global metal AM market, accounting for 86.5% of all installed AM units 1.
One of the primary challenges associated with adopting AM technologies for functional and structural
applications centers on the uncertainty surrounding their fatigue performance. The diminished fatigue
strength and considerable variability in fatigue life observed in Laser Powder Bed Fusion (L-PBF)
components can be traced back to the prevalence and irregularity of defects introduced during the L-
PBF process. Within the context of L-PBF, distinct process characteristics, such as the dynamic nature
of the melt pool, ultra-rapid solidification and cooling rates, and substantial thermal gradients, inevitably
influence the microstructural features, leading to a spectrum of process-induced defects. These defects
encompass entrapped gas and pores, incomplete fusion (Lack of Fusion or LOFs), and the formation of
keyholes 2. Among these, defects represent a principal factor limiting the service life of L-PBF
components under cyclic loads and serve as the predominant mechanisms for initiating fatigue cracks.
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Notably, even after surface treatments are applied to eliminate significant surface roughness, these
defects can affect the fatigue performance of L-PBF components, which act as sources of localized stress
concentrations.

Extensive research has been conducted to investigate the influence of defects on the fatigue performance
of Laser Powder Bed Fusion (L-PBF) specimens. These studies involve extracting defect characteristics,
including type, size, aspect ratio, and distance from the surface, from fractography and X-ray computed
tomography (CT) images. These extracted defect features are then integrated into established fatigue
theories, such as fracture mechanics-based fatigue life prediction models, for comprehensive analysis 3.
Additive Manufacturing (AM) presents a notable challenge in the form of inherently rough, as-built
surfaces. These surfaces concentrate stress, leading to reduced fatigue life in AM-produced components.
While the exterior surfaces of AM parts can be machined to achieve smoother finishes, the internal
surfaces, which are often intricate and inaccessible, pose significant post-processing difficulties. AM's
strength lies in its ability to create complex geometries with interior features, a characteristic frequently
leveraged in design. Therefore, comprehending the quality of as-built surfaces is essential for the broader
adoption of AM technology.

Greitemeier et al. 4 have demonstrated that surface finish plays a dominant role in fatigue failure,
particularly in materials like Ti-6Al-4V. Surprisingly, no improvement in fatigue life was observed even
with a reduction in internal porosity. It has been noted that certain features, such as valleys on additively
manufactured surfaces, remain concealed from nondestructive surface roughness measurements.
However, these hidden valleys are crucial when considering fatigue performance. Kantzos et al. 5 have
shown that surface notches, rather than surface protrusions, are the primary contributors to stress
concentration. Given the well-established link between stress concentrations and reduced fatigue life, it
is reasonable to conclude that surface notches significantly influence the fatigue performance of
components.

The textured surface of AM components arises due to the layer-by-layer nature of the manufacturing
process. Surface measurements are typically categorized into line measurements, designated as 'R," and
area measurements, defined as 'S." In 1995, Ippolito et al. emphasized the pivotal role of surface
roughness as a 'crucial feature' in assessing the dimensional accuracy of AM processes. Numerous
processing factors can influence the quality of AM surfaces. Among these, two key parameters,
component height and component arrangement, have been subjects of prior investigation for their impact
on surface roughness. Researchers have employed optical profilometry to measure surface roughness
and have concluded that control over the surface quality of components manufactured through electron
beam powder bed fusion can be achieved through judicious adjustments of process parameters and
thoughtful arrangement of components on the build platform 6.

The reliance on Ra as the predominant metric for assessing surface roughness is questioned due to its
unreliability, a sentiment echoed by numerous studies suggesting its inadequacy in characterizing the
roughness of AM components. Investigations into the correlation between surface roughness and fatigue
life have yielded consistent findings, highlighting the dominant influence of surface roughness on high-
cycle fatigue properties.

For instance, Greitmeier et al., in their study of L-PBF specimens assessed using the total height of a
line measurement (Rt), observed a pronounced impact of surface roughness on high-cycle fatigue life 7.
In the study by Trianraphyllou et al., area average roughness (Sa) and area root mean squared height
(Sq) emerged as suitable metrics for assessing areal surface roughness. Additionally, area height
distribution skewness (Ssk) effectively distinguished upskin and downskin surfaces in Selective Laser
Melting (SLM) components 8. Moylan reported that Sa, area maximum peak to valley (Sz), Ssk, and
area height distribution kurtosis (Sku) were the commonly reported metrics for surface roughness. It has
been noted in powder bed AM that surface finish is influenced by powder particle size, and efforts to
optimize surface topology have faced challenges in significantly improving part performance 9.
However, gaining insight into the surface roughness of AM parts and the intricate process of optimizing
this roughness remains an ongoing and complex area of research.
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To tackle several of the challenges mentioned earlier, our study focused on the impact of process
parameters on the surface roughness and defect attributes in L-PBF printed AISi10Mg components. We
have performed XCT of as built samples and collected information about the defects present in our
samples, their morphology, location and impact on mechanical properties of parts will be evaluated.
Subsequently, analysis will be done to assess the correlation between these defects and final mechanical
properties by these process parameters.

Method
The following section will describe the material and geometry of a Selective Laser Melting (SLM)
manufactured sample used for surface roughness evaluation, defect analysis and the chosen CT scan
strategy.

Material and Method

Cylindrical fatigue bars of AISi10Mg were printed having dimensions according to ASTM E466. The
geometry of fatigue sample can be seen in Figure 1. Samples were printed through selective laser melting
(SLM) process on Concept Laser M2 Cusing model. A total of 03 samples were printed with each having
different parameters to study the PSPP relationship with samples having different defect and surface
textures and were taken from study of Peyman et. al °. Samples were produced through a combination
of good and bad parameters so, some of the samples will have surfaces and defects worse than the
typically printed parts. Laser power, spot diameter and scan speed were varied while keeping all other
parameters constant as shown in Table 1.

Augmenting the laser power input introduces higher energy levels into the material, consequently
expanding the size of the melt pool. This elevation in laser power settings progressively approaches what
is known as the 'keyholing regime,' leading to a fundamental alteration in the physics governing the melt
pool. Notably, it also leads to forming a gas pore near the base of the melt pool. Conversely, elevating
the laser speed diminishes the energy imparted to the material and subsequently reduces the size of the
melt pool. However, increased laser speed can introduce challenges such as unstable melt conditions and
a phenomenon known as 'balling," which results in an irregular weld bead formation. The variations in
contour processing parameters can be effectively understood concerning a linear energy density metric,
represented as Power/Speed, where a higher numerical value signifies a more significant infusion of
energy into the material 2.
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Figure 2. Fatigue test sample with dimensions in mm.

Table 1: Parameters for SLM printing of fatigue samples.

L aser Laser Spot Scann!ng
No. Power (W) Diameter Velocity
(wm) (m/s)
1 225 140 1.4
2 350 140 1.1
3 400 140 0.8
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Computed Tomography

All fatigue bars underwent comprehensive surface and volume analysis on the gage section employing a
nondestructive technique. X-ray Computer Tomography (XCT) was used for characterizing the internal
defects, surface properties and defect density of parts. This method was selected due to its ability to be
executed before the mechanical testing phase, ensuring comprehensive assessment of the entire surface
and volume could be achieved 12. Figure 2 illustrates the configuration of an XCT scanning setup. The
X-ray, emitted in a conical beam pattern by the X-ray tube, permeates the test sample and experiences
partial absorption. The sample undergoes a full 360-degree rotation throughout the measurement process,
enabling the detector to record multiple two-dimensional projected images. These images are the basis
for reconstructing a three-dimensional dataset of volume elements (voxels) using specialized algorithms
and high-capacity computer systems.

Figure 2. XCT setup of ZEISS XRadia 510 Versa

XCT of fatigue samples was performed using ZEISS XRadia 510 Versa system. This XCT system has
source of 160 kV and maximum power of 10 W. The spatial resolution of the equipment can go upto 0.7
microns. The pixel size in our case was 21.90 um. Detail of parameters used to perform XCT are given
in Table 2. A software package provided by ZEISS was used to reconstruct the data.

The characterization of defects encompassed the assessment of both two-dimensional pore area and
three-dimensional defect volume along with the density calculation. VG Studio software was used to
analyse the defects in the material and to capture the reconstructed sample's cross-sectional images.

Table 2: Acquisition parameters for XCT.

Parameter Value
Voltage 50 kV
Current 04 W
Exposure time | 8 sec

To study the effect of process parameters on internal defects we estimated the density of our printed
components and compared the values as shown in Table 3. Density of finished part is strongly effected
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by the energy density being controlled by the process parameters 13. The density was calculated using
the following relationship:

E= P
~vdt

Where E(J/mm3), P(W), v(mm/s), d(mm) and t(mm) represent energy density, laser power,
scanning velocity, laser beam sport diameter and powder layer thickness respectively.

Trend of energy density and component density is shown in Figure 3. A strong relation was observed
between energy density and component density. For parameter 1 the energy density was low and in-
efficient melting was expected, this sample resulted in lower component density. Sample 2 had sufficient
energy density and was expected to give minimum defects, resulting in the highest density of the
component. Sample 3 had the highest energy density but some evaporation and excessive melting was
anticipated at this high energy density due to which defects were observed in XCT, this sample gave a
slightly lower component density than sample 2.

Each sample showed different surface roughness behavior which we were able to see visually through
XCT images however specific image processing would be required to calculate surface roughness
through those images which will then be verified through dedicated surface roughness measurement
techniques like profilometry.

A further detailed study will be required considering other factors to develop a correlation which is the
scope of our future work.

Table 3: Detail of process, energy density & component density.

Process Energy Est.
No Density Compo_nent
' (J/mm3) density
1 28.69 94.65
2 56.81 99.92
3 89.28 99.62
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Figure 3. Relation between energy density and relative density.
Conclusions

Our study has explored the relationship between surface roughness, density, and AM process
parameters in additive manufacturing. A direct relation has been observed between process parameters
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and component density. While our preliminary findings show promise in optimizing AM processes for
improved quality, we acknowledge that further detailed experiments are necessary to validate these
results. This study represents a starting point for future research, aiming to provide more
comprehensive insights into AM part quality and process optimization.
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Abstract

This study focuses on examining the creep behavior and microstructural properties of heat-treated
Inconel 939 alloy produced through additive manufacturing. Inconel 939 is a critical alloy in high-
temperature applications, yet the impact of additive manufacturing and post-processing on its
mechanical behavior and microstructure remains not fully understood. The research involves creep
rupture tests on selectively laser melted Inconel 939 alloy that has undergone post-processing through
hot isostatic pressing (HIP) and/or vacuum heat treatments (VHT). Heat-treated alloy microstructure is
also examined in detail using optical microscopy (OM) and scanning electron microscopy (SEM). The
study's findings indicate that all conducted heat treatment recipes improved rupture times compared to
the as-built condition. However, there are considerable differences in rupture time and Creep% between
HIP and/or VHT. This study represents a small yet significant step towards optimizing the use of this
alloy in high-temperature applications and contributing to engineering applications.

Keywords: Creep, Inconel 939, HIP, SLM, VHT.
Introduction

Nickel-based superalloys are widely used in aviation and energy industries due to their remarkable
resistance to oxidation and superior creep properties at high service temperatures. However,
conventional manufacturing techniques have limitations regarding component complexity, costs, and
production time, reducing efficiency. Hence, new manufacturing processes like selective laser melting
(SLM) have been researched for nickel-based superalloys to expand design possibilities, and reduce time
and costs [1,4].

Selective Laser Melting (SLM) is a 3D printing method that involves using a high power-density laser
to melt and fuse metallic powders. Despite its many advantages over conventional techniques,
manufacturing nickel-based superalloys with the SLM technique can pose several challenges. The
microstructural heterogeneity due to nature of this method also leads to mechanical insufficiency.
Therefore, post-processes such as hot isostatic pressing (HIP) and vacuum heat treatments (VHT)
become necessary to achieve the desired microstructure [5,6].

Inconel 939 is a superalloy primarily composed of nickel, which results in the FCC crystal structure
matrix. It is highly resistant to corrosion and oxidation at high temperatures, making it an ideal material
for use in environments as hot as 850°C. The high resistance to corrosion and oxidation is due to the
high percentage of chromium, which facilitates the formation of a protective Cr203 oxide layer. This
property is particularly beneficial in the construction of turbines, especially industrial gas turbines where
hot corrosion from gas is a significant concern when selecting materials. It is also worth noting that the
mechanical properties of the alloy can differ based on its processing history due to its precipitation-
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hardening nature. The properties of as-built material will vary from those of solution-treated or aged
hardening material. Furthermore, exposure to high temperatures can cause changes in the alloy's
properties over time as the y’ precipitates become coarser, and other thermodynamically stable phases
form in the microstructure [4,7,8].

This research thoroughly examines the effects of post heat treatments, namely HIP (hot isostatic
pressing) and VHT (vacuum heat treatments), on the microstructure and creep properties of additively
manufactured Inconel 939 superalloys.

Materials and Experimental Procedures

Gas-atomized Inconel 939 powder supplied from EOS GmbH (Nickel Alloy IN939) was used for the
SLM process. The nominal chemical composition of the powder measured by the ICP-combustion
method, is given in Table 2.

Table 2. Nominal chemical composition of the IN939 powder (in wt%)

Cr Co Al Ti Ta
Ni
225 19.3 1.9 3.7 14
Nb W Zr B C
balance

1.0 2.0 0.1 | <0,01 0.15

An EOS M 290 metal 3D printer was used to fabricate cylindrical bar specimens from Inconel 939
powder. To analyze the microstructure of the specimens, optical and scanning electron microscopy
(SEM) techniques were utilized. The optical micrographs were captured and processed using the
Olympus BX53M inverted microscope. Electron microscopy was conducted through a HITACHI
SU7000 equipped with an Energy-Dispersive X-ray Spectroscopy (EDX) detector.

In order to determine the appropriate post heat treatment parameters, DSC and Thermo-Calc simulation
techniques were utilized. DSC analysis was performed using the Seteram Setsys Evolution, and the
measurements were carried out in an argon atmosphere, with a flow rate of 20 mL mint. The heat flux
was recorded as the samples were heated at a rate of 10°C min* from room temperature to 1450°C before
cooling back to room temperature at the same rate (Figure 1). Scheil Gulliver solidification simulation
of Inconel 939 was conducted using the Calphad-based Thermo-Calc program and its TCNI10 Nickel-
based Superalloys Database, to match the temperature-dependent properties of the samples with the DSC
and microstructure analyses as well (Figure 2) [9].
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Figure 1. DSC graphs for cooling and heating runs

Three different routes were conducted on the as-built samples for heat treatment studies. HT1 involved
solutionizing with both high temperature and high pressure via Quintus QIH-21 hot isostatic press (HIP),
and then two-stage aging. HT2 involved solutionizing without pressure and two-stage aging in a TAV
brand vacuum heat treatment furnace. HT3 involved a combination of the first two processes. Detailed
heat treatment recipes are given in Table 2.

After the heat treatment processes, cylindrical bar samples were machined in accordance with ASTM
E139 standards (Standard Test Methods for Conducting Creep, Creep-Rupture, and Stress-Rupture Tests
of Metallic Materials). Creep rupture tests were conducted at 750°C and 350 MPa using an ATS 2330
model creep testing system that employs the lever arm working principle.
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Figure 2. Scheil Gulliver solidification simulation of Inconel 939
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Table 3. Detailed recipes for the heat treatments

) Temp. Pressure Hold Time ]
Recipe hour Cooling
(°C) (MPa) (hour)
1190 170 4 Argon
HT1 (HIP) 1000 - 6 Argon
800 - 4 Argon
1190 - 4 Argon
HT2 (VHT) 1000 - 6 Argon
800 - 4 Argon
1190 170 4 Argon
HT3
1190 - 4 Argon
1000 - 6 Argon
(HIP+VHT)
800 - 4 Argon

Results and Discussion

Microstructural Characterization

The micrographs presented in Figure 3 illustrate the as-built condition of SLM-processed samples. One
can clearly observe the arch-shaped molten pool boundaries that result from the layer-by-layer processing
(Figure 3a). Upon closer inspection, Figure 3b reveals the dendritic and interdendritic structure,
showcasing the significant impact of heat flux during layer-wise manufacturing on the microstructure of
SLM material. As a result, anisotropic microstructural features are prevalent [10].

Figure 3. Micrographs for the as-built condition: (a) optical microscope and (b) scanning electron

microscope.

Figure 4 showcases the SLM-processed samples under heat treated conditions. As anticipated, the melt
pools that were present in the as-built specimens were not found in any of the heat treated samples. Upon
closer examination, it was observed that the microstructure in each heat treated condition was remarkably
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similar, with fine grains that retained their columnar shape and remained aligned parallel to the building
direction. Additionally, small equiaxed grains that formed between the columnar grains were estimated

to be recrystallized grains [7].

Figure 4. Micrographs for the heat treated conditions: OM images of (a) HT1 (HIP), and SEM images
of (b) HT1 (HIP), (c) HT2 (VHT), and (d) HT3 (HIP+VHT).

Further analysis revealed the formation of spherical gamma prime precipitates, as well as the larger
carbides that were Ti and Ta rich and present at the grain boundaries and intergranular areas (as shown
in Figure 5). It is worth noting that no plate-like phases were observed in the microstructures.
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Figure 3. Gamma prime precipitates and metal carbides, rich in Ti and Ta, present at the grain
boundaries and intergranular areas

Creep Properties

Figure 6 shows the creep curves of the as-built and heat treated samples at 750°C and 350 MPa. It can
be observed from the creep curves that both HT1 and HT2 have improved rupture times compared to the
as-built condition. On the other hand, HT3 rupture time did not exhibit any difference from the as-built
condition and had a relatively lower %Strain. It should be stated that, HT2 (VHT) condition
demonstrated more prolonged %Strain and rupture time than the other heat treated samples.

—— AS-BUILT
9 —— HT1 (HIP)
—— HT2 (VHT)
—— HT3 (HIP+VHT)

Creep (%)
o
1

-1 T T T T T T T T T T T

T 1
0 10 20 30 40 50 60 70 80 90 100 110 120
Time (h)

Figure 6. Creep curves of SLM-processed Inconel 939 specimens at 750°C under 350 MPa

Observations from Figure 7 reveal microstructural changes near the creep-fractured surface. The gamma
prime precipitate in the HT1 (HIP) changed from a spherical to a plate-like shape after creep tests, as
directional coarsening or rafting occurred (Figure 7a). Previous studies suggest that this rafting behavior
can result in material softening, leading to an increase in plastic strain within the corresponding y
channels and nearby y/y’ interfaces [11]. As a result, the rafting of the gamma prime precipitates could
reduce the rupture time in the HT1 (HIP) when compared to the HT2 (VHT). Furthermore, HT2 and
HT3 both showed gamma prime coalescence, which was distributed in different areas within the
microstructure. This may indicate reduced ductility and creep strength. Lastly, HT3 exhibited the lowest
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creep resistance due to a more brittle structure that resulted from increasing secondary gamma prime
formation.
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Figure 7. Microstructure images taken from near the creep-fractured surface: (a) HT1 (HIP), (b) HT2
(VHT), and (c) HT3 (HIP+VHT).

Conclusions and Future Studies

This study searched the impact of post heat treatment processes on the microstructure and creep
properties of selectively laser-melted Inconel 939 superalloy. The findings demonstrate that both HT1
and HT2 post-treatment processes resulted in improved rupture times during creep testing when
compared to the as-built condition. Among the heat-treated samples, HT2 exhibited the most significant
increase in rupture time. Additionally, the rafting of gamma prime precipitates was found to reduce the
rupture time in HT1 when compared to HT2. Conversely, HT3 displayed the lowest creep resistance due
to a more brittle structure that resulted from increasing secondary gamma prime formation.

To gain a better understanding of the alloy's behavior in service, further research will be conducted. This
will involve implementing modified heat treatment procedures and conducting mechanical tests and
advanced microstructural characterization studies.
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Abstract

Selective Laser Melting (SLM) has emerged as an innovative technique for additive manufacturing,
offering unparalleled freedom in design and precision in the fabrication of complex metallic components.
An important aspect that influences the laser-material interaction and, eventually, the quality and
performance of SLM-produced parts is the laser beam profile utilized during the process. In this study,
COMSOL Multiphysics is employed to simulate the laser-material interaction in SLM, aiming to
understand the effect of varying beam shapes on the generation of residual stresses in the fabricated
components. The on-hand research begins with a comprehensive analysis of the physical processes
involved in SLM, including laser energy absorption, heat transfer, and solidification dynamics. By
varying the laser beam profile, such as the Gaussian to Top-Hat, the paper systematically explores their
impact on laser-material interaction, melting and solidification, and, most importantly, the generation of
residual stresses within the parts. The findings of this study are expected to provide valuable insights
into optimizing SLM processes for improved mechanical performance and reduced defects in additively
manufactured components. Understanding these effects is pivotal for optimizing SLM processes to
enhance mechanical properties and reduce defects, bridging theory and practical applications in additive
manufacturing.

Keywords: Selective Laser Melting, Residual Stresses, Beam Shaping, Beam Profile, Numerical
Modelling.

Introduction

Additive manufacturing (AM) stands as a disruptive technology pivotal to realizing Industry 4.0 [1],
revolutionizing traditional manufacturing methods by directly translating CAD models into components,
reducing costs, time, and material waste [2]. Laser-Powder Bed Fusion (L-PBF), a key AM process,
employs laser energy to melt metallic powders precisely, yielding custom components with fine grain
structures and excellent mechanical properties [3]. However, the conventional Gaussian laser beam
shape has inherent drawbacks, causing localized overheating, evaporation, and spattering during L-PBF
due to its irradiance distribution [4,5]. As a result, it adversely affects melt pool dimensions, stability,
and product quality [4,6].

To address these issues, researchers have explored alternative beam shapes from laser welding processes,
known for their impact on weld quality and performance [7,8]. Insights from these studies offer
promising strategies to enhance L-PBF [4-6]. In this context, the on-hand research aims to perform
thermomechanical modelling using COMSOL Multiphysics to analyze the effects of beam shaping on
residual stress generation in the Selective Laser Melting (SLM) process. It seeks to investigate how
alternative beam shapes, developed initially for laser welding and related techniques, impact thermal
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and mechanical behaviour within the SLM process. By simulating and comprehensively evaluating the
resulting residual stresses, we aim to gain deeper insights into the potential benefits and challenges
associated with adopting alternative beam shapes in L-PBF, contributing to the advancement of this
transformative manufacturing technology.

Thermomechanical 3D FEM Model

In this study, a comprehensive continuum-based thermomechanical model was developed to investigate
the effects of alternative beam shapes on the generation of residual stresses during the SLM process. The
approach considers the powder layer, composed of discrete particles, as a continuum medium with
equivalent properties, facilitating an accurate representation of thermal and mechanical behaviour.

The domain considered for the 3D FEM model has a length of 5 mm, a width of 2.5 mm, and a layer
thickness of 25 pum, as shown in Figure 1. The model incorporates temperature-dependent material
properties to capture the evolving behaviour of the Ti6AI4V alloy during the SLM process with
precision. Specifically, consideration is given to temperature-dependent elasticity and plasticity, along
with isotropic hardening, while kinematic hardening effects are disregarded. The mechanical properties
of Ti6AI4V used in the simulation are taken from [9]. To accurately represent the phase change from
powder to solid, the latent heat of fusion, phase change temperature, and temperature-dependent material
properties are incorporated [10]. In contrast to some prior studies [11,12] that assume a lower density
and thermal conductivity for the powder compared to the solid material, these properties are considered
to be similar for both the powder and solid material in this study. This choice is made to prevent abrupt
changes in material properties, which can lead to convergence issues in the numerical scheme or analysis.
Maintaining similar properties is intended to ensure the stability and accuracy of the simulations. Table
1 shows the process parameters used for this study.

Figure 1. Thermomechanical 3D FEM model.

Table 1: Process parameters

Parameter Value
Laser scanning speed (V) 1100 mm/s
Laser power (P) 190 W
Absorption coefficient (A) 0.3

Laser spot radius (r) 70 um
Hatch space (Hs) 70 um
Emissivity (g) 0.35
Optical penetration depth (6) 65 um
convective heat transfer coefficient (hc) | 10 W/m?K

Governing Equations, Initial and Boundary Conditions
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The thermomechanical model consists of two governing equations: the heat balance equation for the
transient thermal analysis and Hook’s law for the thermal stress analysis. The heat balance equation is
expressed as follows:

pC, g—; + pCuVT = V(kVT) + Q 1)

where p is density, C, is specific heat capacity, k is thermal conductivity, u is the laser velocity, T is

temperature, and Q is the heat absorbed (i.e., heat source). An exponentially decaying volumetric heat
source, adapted from [11], is used and further modified to accommodate different beam shapes (e.g.,
Top hat and Donut).

24P 2((x—ut)?+y? |z]
Ay, 2) = 228 exp (- LN ep (- ) ()
A is absorption coefficient, P is laser power, r is laser spot radius, |z| is the absolute value of the z-
coordinate, and ¢ is the optical penetration depth of the laser for Ti6Al4v.

The whole domain is considered to be at ambient temperature (i.e., To = 293 K at t = 0), and a heat loss
due to convection and radiation at the surface of the domain takes place during the laser and material
interaction and can be expressed as follows:

—k S = ho(T = To) + eo(T* + ) (3)
The (-) sign shows the heat loss from the domain surface (n), h¢ is the convective heat transfer coefficient,

¢ Is the surface emissivity coefficient, and ¢ is the Stefan-Boltzmann constant.

For the thermal stresses analysis, Hook’s law of elasticity considering an ideal elastic-plastic body,
which goes under elastic and plastic deformation due to the cyclic loading behaviour of the SLM process
IS used:

{0} = [D]{e} (4)
{e} ={e} —{eP} - {e%) (%)

{o} is the stress vector, [D] is the elasticity matrix, {¢°} is the elastic strain vector, {¢} is the total strain
vector, {¢°} is the plastic strain vector, {¢'} is the thermal strain vector.

Results and Discussion

You may include color simulation images. Please export your simulation images such that the final
resolution of your figures is at least 300 DPI.
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Figure 2. The caption should be centered underneath the figure and set in 9-point font.
Conclusions

You may include any implications or conclusions obtained from your work. You may include plans for
future work.
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Abstract

This study investigates the effect of surface roughness on the fatigue behavior of Ti6Al4V produced by
Selective Laser Melting (SLM). The study used Ti6AlI4V-ELI powder material and electrochemical
polishing to reduce surface roughness. The results showed that the electrochemical polishing process
significantly improved the fatigue behavior of the alloy, with an improvement of approximately 18% in
the fatigue limit value. The study also found that surface irregularities and voids in the samples produced
by the SLM method caused ready areas on the surface that would cause fatigue crack initiation. The
study concludes that the electrochemical polishing process has a significant effect on the fatigue behavior
of the alloy.

Keywords: Selective laser melting, Ti6Al4V, Surface Roughness, Fatigue
Introduction

Additive Manufacturing (AM) technology has expanded across industries like electronics, biomedical,
automotive, and aerospace [1]. Selective Laser Melting (SLM), developed in the 90s, is a popular
technique used for products by melting metal powder layers using a high-energy laser beam. The
research study focuses on the SLMed Ti6Al4V alloy, which is highly corrosion resistant, has a high
specific strength, is bio-compatible, and has better fracture toughness [2-3]. It is a preferred alloy for
investigation due to its wide applications in 3D-printed components like compressor modules, aircraft
fuel nozzles, and aero-engine fans [4]. However, the SLM-AM process has many disadvantages, it
presents certain manufacturing challenges, including higher costs, a high thermal stress gradient, and
inferior surface quality [5-7]. The fatigue behavior of SLM-AM Ti6Al4V alloy has been studied by
many researchers in recent publications [8-10]. However, the effect of surface roughness on the fatigue
properties of additively produced Ti6Al4V alloy has rarely been studied. Therefore, this study focused
on the effect of surface roughness on the fatigue properties of samples produced by SLM.
Electrochemical polishing was applied to the samples and the effect of this process on fatigue life was
investigated. Samples were subject to fatigue tests under axial loading conditions. Also, the structural
properties, fracture surfaces, and surface roughness of the samples were evaluated by using XRD, SEM,
and a 3D optical profilometer, respectively.

Experimental Details

In this study, Ti6Al4V-ELI (Grade 23) powder material (D50 = 28 um) was used, which was fabricated
by gas atomization. Additive manufacturing operations were carried out using the Concept Laser MLab-
R SLM system, using a bidirectional scanning strategy and continual laser mode. In order to prevent
oxidative reactions, all production was carried out in a protective argon gas atmosphere. In production
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with SLM, the laser power was chosen as 80 W, scanning speed as 1125 mm/s, layer thickness as 25
um, and hatch distance as 45 pum. The dimensions of fatigue test samples were determined according to
ASTM E466-96. Fatigue tests were performed with the Instron 8872 axial universal testing machine at
a frequency of 10 Hz. The fatigue (endurance) limit was accepted as 1x 10° cycles and the device was
stopped automatically either reaching this value or the fracture of test samples. Bi-linear type S—N curve
was applied to show the test results. In this method, the S—N curve consists of two parts: linear and
horizontal. By determining 5 stress levels in the linear part, 3 repetitions were performed at each stress
level. The curve fitting was performed according to the JSME S 002-1981 standard. The staircase
method was used for the horizontal part.

Electrochemical polishing was applied to the samples to reduce surface roughness. The content of the
solution used in the electrochemical polish process; is ethyl alcohol (700 ml/L), isopropyl alcohol (300
ml/L), aluminum chloride (60 g/L), and zinc chloride (250 g/L). The parameters used in the polishing
process are set as follows: voltage at 20 V, current at 1.5 A, and polishing time at 20 minutes.

XRD measurements were performed with the GNR Explorer X-Ray Diffraction device and a Cu-Ka
anode X-ray source with a wavelength of 1.5405 °A. The fracture surface images of the samples were
obtained using the QUANTA-FEG 250 scanning electron microscope (SEM). Surface roughness
measurements were conducted by Brucker-Contour GT 3D optic profilometer.

Results and Discussion

Fig. 1 shows XRD patterns of Ti6Al4V powders and SLMed Ti6Al4V. The peaks of the Ti6AI4V
powder material and the As-Built sample show the martensitic o’ phase [7], which can be explained as
the rapid cooling in the production process with cooling rates of 10°-10° K/s resulting from the laser
interaction with the powder material in the SLM method. The images taken before and after the
electrochemical polishing process of the fatigue samples are provided in Figure 2, and the effect of the
process is clearly visible.

O:a/o-Ti —Ti6AlaV Powder

—SLMed TicAIV

400

Intensity (a.u.)

50 60 70 80 20

20 (degree)

Figure 1. XRD patterns of Ti6Al4V powder and SLMed Ti6Al4V samples
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Figure 2. The appearance of fatigue samples before and after the electrochemical polishing process.

3D optical profilometer images of As-built and polished Ti6Al4V surfaces are shown in Fig.3a and b.
In the samples produced by SLM, the surface roughness value of the unpolished surface is 5.411 pm,
while the surface roughness of the polished surface is 0.504 um. According to scientific literature, The
roughness of the surface on SLM product parts results from two independent mechanisms, uneven
solidification of the molten material caused by melt pool turbulences and unintended melting of powder
particles to the part contour caused by high local energy input [8], [11]. A rough surface is undesirable
in terms of fatigue loading because notch-like features act as stress raisers and therefore crack initiation
sites that significantly reduce fatigue strength [9].
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Figure 3. 3D optical profilometer images; (a) as-built and (b) polished Ti6AI4V

S-N curves of As-built and polished Ti6Al4V samples are shown in Fig. 4. While the fatigue limit of the
as-built SLM Ti6Al4V alloy was 220 MPa, after the polishing process, the fatigue limit reached 260
MPa. It has been determined that the electrochemical polishing process has a significant effect on the
fatigue behavior of the alloy. After the polishing process, an improvement of approximately 18% was
achieved in the fatigue limit value of the alloy.
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Figure 4. S-N curves of as-built and polished Ti6Al4V alloy

Figure 5. SEM images of the fatigue fracture surfaces; (a) as-built and (b) polished Ti6AI4V

SEM images of the fracture surface of SLMed Ti6Al4V alloy are given in Figure 5. In samples obtained
by the SLM method, surface irregularities (increase in roughness) resulting from the nature of the
production method cause the formation of ready areas on the surface that will cause fatigue crack
initiation. In addition, since the samples produced by the SLM method contain more voids compared to
the samples obtained by traditional methods, these voids cause both local crack initiation and easier
propagation of the crack that starts on the surface [12]. In Figure 5b, unmelted powder particles and
voids are shown with arrows. Cracks that started on the surface propagated more easily in these areas
and caused damage to the samples.

Conclusions

According to the XRD results of the Ti6Al4V alloy produced by the SLM method using the selected
optimum parameter set, a martensitic o’ phase was formed. In the samples produced by SLM, the surface
roughness value of the unpolished surface is 5.411 pum, while the surface roughness of the polished
surface is 0.504 pm. Since a cylindrical cathode was used in the electrochemical polishing process, a
homogeneous polishing was achieved. Polishing the sample surfaces reduced the notch effect that causes
crack initiation. After the polishing process, an improvement of approximately 18% was achieved in the
fatigue limit value of the alloy.
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Abstract

Refractory metals are used in parts that are exposed to high temperatures in applications requiring high
strength. Molybdenum, one of the refractory metals is frequently used in such applications due to its
high melting temperature and mechanical properties [1,2]. Process parameters of additive manufacturing
of molybdenum will be examined to determine the relationships between processing, microstructure,
and mechanical properties. At the same time, an integrative study will be carried out by dealing with the
modeling and subsequent processes of the additive manufacturing process.

Keywords: Refractory metals, electron beam melting, molybdenum additive manufacturing, selective
laser melting

Experimental Set Up
Powder and Powder Characterization

Molybdenum metal powder -75+38u in size was supplied from TEKNA Plasma Europe. Powder
characterization test results are shared below.

Properties TEKNA Roketsan

Hall Flow Test (g/s) 9,1 8,75

Tap Density (g/cm?) 6,4 6,03

Apparent Density

(9/cm3) 58 5,725

Chemical Composition

(Wt%)
Mo >99,95  *Remaining
Al 0,004 N/A
Fe <0,001 N/A
Ni <0,001 N/A
o] 0,025 N/A
Ti 0,003 0,0004
\% 0,003 N/A

0,019 0,022
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EBM Experiments

EBM experiments were done by ARCAM A2X machine. Initially, molybdenum base plate was melted
without molybdenum powder, to check selected parameters and to investigate the material response.

After that, powderless production trials were moved to ARCAM A2X electron beam melting equipment.
Two different parameters (scan speed and current) with 8 and 3 factors were tested without preheating.
Scan speeds were chosen as 500, 1000, 1500, 2000, 2500, 3000, 3500 and 4000 mm/s, while 10, 20 and
30 mA current values were applied.

Design Summary

Factors: 2 Replicates: 1
Base runs: 24 Total runs: 24
Base blocks: 1 Total blocks:1
Then, 1050°C and 1250°C preheating temperatures were applied to powderless single track experiments.

Finally single track experiments were conducted by stainless steel base plate rather than molybdenum
substrate in which smoking of molybdenum powder problem remained unsolved using 75 p layer
thickness.

SLM Experiments

In this study, Renishaw AM400 Selective Laser Melting machine was used. This SLM equipment
utilizes a Yb-Fiber pulsed-wave laser with a wavelength of 1064 nm and a maximum power of 400 W.
The experiments were conducted in argon environment. With a fixed layer thickness of 50 p,
experiments were conducted on AISI 1040 substrate using power levels of 240, 300, and 360 W, line
energies 0f 0.66, 0.72, and 0.78 J/mm, and point distance parameters of 50, 75, and 100 p. Subsequently,
based on the results obtained from the single-track experiments, thin-walled geometries with a height of
3 mm were produced and examined microstructurally.

Desigh Summary

Factors: 3 Replicates: 1
Base runs: 27 Total runs: 27
Base blocks: 1 Total blocks:1
Results and Discussion
EBM Experiment Results

-Single Track Experiments on Molybdenum Baseplate

There was not sufficient melting to investigate in the tests performed without preheating parameters, as
it can be examined in the following figure.
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Figure 1. Picture Showing Powderless Single Track Experiment Without Preheating

Since successful melting was not achieved in the previous experiment, a new sample was tested by using
the parameters in the design of experiment table by providing a preheating of 1050°C. Successful melting
has been achieved from this experiment. The scanned surface at the preheating stage and single-track
melting can be seen on the molybdenum base plate.

Figure 2. Optical Image of Powderless Single Track Experiment employing 1050°C Preheating a.500
mm/s, 30 mA, b. 500 mm/s, 10 mA

By increasing the current from 30 mA to 40 mA during the preheating phase, a preheating temperature
of 1250°C was obtained. However, more serious cracks were observed both on the molybdenum
substrate and on the single-track lines.

- Single Track Experiments with Powder

Molybdenum powder was placed onto a 75-micron-wide groove opened on the molybdenum substrate,
and single track experiments were planned to be conducted with the same parameters. However, as soon
as the electron beam hit the substrate, the molybdenum powder started to become airborne, causing a
smoking effect. The necessary literature review has been carried out and two possibilities emerged:

- Oxidation of powders
- Excessive preheating parameters [3,4]

First of all, the preheat current was reduced to 20 mA, but powders showed the tendency to smoke again.
The same problem ocurred when ball milled powder was placed on a molybdenum substrate having a
diameter of 80 mm and a wall thickness of 10 mm. Therefore, the substrate size was changed to
170x170x10 mm stainless steel to reduce the energy of the preheat on base plate. The smoking
phenomenon continued on the stainless steel substrate as well. After that, the possibility of oxidation of
the powders gained weight. To break the oxide layer on the metal powders, the powders were ball-milled
using the following parameters.

39



A2M2C

Table 1. Ball Milling Parameters

Ball Milling Parameters

Speed (rpm) 500
Time (min) 8
Pause (min) 1
Cycle 2
Reverse On

XPS analysis of both virgin powders and ball-milled powders are shared below.

M35 -Mo33 -Mo3d

. . s y L 4
1200 1000 800 600 400 200 []
Binding Energy (eV)

Figure 3. XPS Analysis of Virgin Molybdenum Powder
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Figure 4. XPS Analysis of Ball Milled Molybdenum Powder

Scanning electron microscope (SEM) images of powders before and after ball mill are shared below.

Figure 5. SEM Images of Virgin (Left) and Ball Milled (Right) Powder

A successful single-track production was achieved with low preheating parameters (20 mA),
170x170x10 mm stainless substrate and ball milled powder. Due to low current values, 930°C preheat
temperature was achieved.
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Figure 6. SEM Images of parts formed by the Single-Track Experiment at 500 mm/s, 20 mA

The EDS analysis results of the regions shown as 1 and 2 labelled on the SEM image are shared below.

Mo

1

4.00 8.00 12.00  16.00  20.00

24.00 28.00 32.00 keV

EDAX ZAF Quantification (Standardless)
Element Normalized
SEC Table : Default

Element Wt % At % z 2

MoL 100.00 100.00
Total 100.00 100.00

1.0000 1.0000

1.0000

Figure 7. EDS Analysis of the Region Labelled as 1 on Figure 6
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Cr

Ni

4.00 8.00 12.00 16.00 20.00 24.00 28.00 3z.00 keV

EDAX ZAF Quantification (Standardless)
Element Normalized
SEC Table : Default

Element Wt & At % Z A F

SiK 0.97 2.08 1.1327 0.4014 1.00585
MoL 22.82 14.36 0.9184 0.7996 1.0014
CrK 17.76 20.63 1.0156 0.9410 1.0821
MnK 0.14 0.15 0.9985 0.9588 1.0044
FeK 53.27 57.59 1.0187 0.9328 1.0058
NiK 5.04 5.18 1.037s 0.8766 1.0000
Total 100.00 100.00

Figure 8. EDS Analysis of the Region Labelled as 2 on Figure 6
SLM Experiment Results
-Single Track Experiments

Initially, single-line experiments were conducted using the parameters described in the experimental
setup section. The visuals of the single-line experiments can be seen below.

Figure 9. Single track experiments of molybdenum by SLM

The results of the single-track experiment were subjected to metallographic examinations. After grinding
and polishing, they were etched by ASTM E407-98c. Following optical microscope examinations, thin-
walled multi-layer structures were constructed using the selected parameters given below.

Table 2. SLM parameters of thin wall structures

Layer Line Point Power
Thickness | Energy Distance | (kW)
(W @mm) | (W

50 0,66 100 360
50 0,66 50 300
50 0,72 100 240
50 0,78 50 360

42



A2M2C

Ankara 2023

Optical images are shown in the following figures. It was observed that cracks continue to form in the
molybdenum microstructure during the SLM process.

Figure 10. Optical images of SLM of molybdenum material with a parameter of a. 0,78 J/mm line
energy,50u point distance, 360kW power, b. 0,72 J/mm line energy, 100u point distance, 2400kW power,
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c. 0,66 J/mm line energy,100u point distance, 360kW power, d. 0,66 J/mm line energy, 100u point
distance, 300kW power

As can be seen from Figure 10d, there are no visible cracks in the overall microstructure; only
delamination has occurred in the final layer. Thinner wall structures will be attempted using this
parameter in the future. Additionally, SEM and EDS analyses of these structures produced by SLM will
also be carried out.

Conclusions

Single track experiments with molybdenum powder and powderless experiments were conducted using
the EBM method. Some modifications to the equipment are required to create parts using the EBM
method, and work on this is ongoing.

Based on the results of the single-track experiments conducted using the SLM method, thin-walled
structures have been constructed.

In future works, an integrative study will be carried out by dealing with the modeling and subsequent
processes of the additive manufacturing process.
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Abstract

Fused Deposition Modeling (FDM) technology is applied across diverse industries, including aerospace
and aviation, where addressing warpage issues stemming from temperature variations is of paramount
importance. This research endeavors to identify optimal printing parameters, distinct from temperature
adjustments, specifically tailored to carbon fiber-reinforced thermoplastic materials in order to mitigate
this critical concern. The investigation into printed part warpage delves into infill percentage and infill
pattern as key variables. Remarkably, the research findings reveal that the warpage can be minimized
using a balanced infill pattern like Linear and Triangle patterns. Using unbalanced patterns results in
higher warpage especially at higher concentrations.

Keywords: FDM, warpage, composite materials, carbon fiber reinforcement
Introduction

Additive manufacturing (AM) has become one of the most widespread manufacturing techniques that
allows producing high-performance parts with ease and affordable cost. Among the AM processes,
Fused Deposition Modelling (FDM) is more attractive because of its accessibility, low-cost production,
and being able to produce parts with different materials [1].

In FDM production the part is constructed by layer-by-layer extrusion of a filament. Thermoplastic
polymers such as Acrylonitrile butadiene styrene (ABS), Poly Lactic Acid (PLA), and nylon are well-
known filament materials. However, these filaments are not generally eligible for engineering
applications due to a lack of structural functionality and strength. Short fiber reinforced filaments are
classified as engineering filaments for FDM and the fabricated parts show a higher mechanical properties
than those fabricated using pure thermoplastic polymers [2] [3].

Lightweight and durable design is an extensively explored and utilized concept in many industries,
especially in aerospace applications. In addition, the parts must meet requirements for dimensional
accuracy. Residual stress and warpage are known as the main issue of the FDM printed thin-walled parts.
Warpage occurs due to the temperature difference. In the printing process, the extrusion nozzle is heated
around 280 °C degrees where the build plate is 60 °C and the chamber temperature is generally lower
than 30 °C. Also, the gradient air around the part to be printed is the main reason for the warpage [4]

[5].

Together with process parameters, the warpage is affected by material properties and part geometry. In
previous studies, simulations and analytical models have been developed to estimate the warpage in a
part depending on the geometrical properties and thermomechanical job. [6].

This ongoing study investigates the effect of infill pattern and density on the warpage on a camera holder
(Figure 1) for a gimbal integrated into an unmanned aerial vehicle (UAV) using DIGIMAT AM.
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This case study aims to determine the deviation angle between the camera itself and the camera holder
based on geometric printing properties.

Experimental Set-Up
Sample Preparation

The samples were printed using Raise3D Industrial PA12-CF carbon fiber-reinforced composite
filament based on Polyamide 612 (PA612, Nylon 612). This filament consists of 15% carbon fiber with
optimum length distribution. The part was created in SolidWorks and was exported to a
stereolithography (STL) file. The model was fabricated with RAISE3D’s E2CF double-nozzle 3D
printer. Due to the abrasive nature of fiber-reinforced filaments, a hard steel nozzle diameter of 0.4 mm
was used as the extruder. The printing speed is set to 70 mm/s with a layer height of 0.1 mm for infill
layer where shell thickness is 0.8mm. The printing nozzle temperature is 280 °C, the build plate
temperature is 60 °C and the measured chamber temperature is 28 °C. There was no adhesive used in
the printing process. The arrangement of the models using the slicing software IDEAMAKER 4.3.1.
After the process parameters and experiment parameters were made to match in IDEAMAKER 4.3.1,
the G-codes were uploaded to the printer, and the samples were printed. The dimensions of the part and
printing orientation are shown in Figure 2

In this study, the warpage of the printed part is investigated in terms of infill percentage and infill pattern.
The process parameters and assigned values are shown in Hata! Basvuru kaynagi bulunamada..

DC motor Camera holder

&

—

Camera

Figure 1. Desired assembly orientation

ORI

46



AM2C

Figure 2. Camera holder, a) dimensions b) printed on flat orientation

An experimental design matrix was established for four factors with multiple levels (see Table 2) using
general factorial design approach. Based on the design matrix 9 tests were performed. Designing the
experiment and analyzing the results were done via statistical software MINITAB 21.1.0.

Simulation Process

For the warpage simulation, the STL model was sliced using ULTIMAKER slicer the obtained G-code
was exported Using the imported G-code part regenerated in DIGIMAT AM considering the orientation
of filaments at each layer. In addition, the materials features such as fiber reinforcement percentage and
its orientation, and FDM process parameters which are the extruder and chamber temperature while
printing.

The analyses were conducted with a mesh size coefficient of 0.855 and 30566 voxels. The meshed part
is shown in Figure 3.

The orientation of the carbon fibers data has been obtained from [7] as a;; =0.0911, a,, = 0.1081 and
a33 = 08006

Table 1. Fabrication Parameters

Parameters
Infill Density Infill Pattern
(%)
Levels 25 Lines
50 Concentric
90 Triangles

Table 2. Design matrix

Exp. Infill Density Infill Pattern
(%)

1 25 Lines

2 25 Concentric

3 25 Triangles

4 50 Lines

5 50 Concentric

6 50 Triangles

7 90 Lines

8 90 Concentric

9 90 Triangles
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Figure 3. Meshed version of the model

Table 3. Digimat AM Simulation Results

Exp. Deflection Exp. Deflection

(mm) (mm)
1 1.446 6 2.294
2 1.055 7 1.066
3 1.958 8 4518
4 2.041 9 1.189
5 2.816

Results and Discussion

Simulations were run to obtain the deflection at all axes of the model. The simulation result for the RUN
1 is shown in Figure 4. When the data was collected including the most and least deflected parts in all
axes and three random parts were selected. The selection is shown in Table 3. The effect of the main
parameters and their interactions are shown in Figure 5. The lowest deflections are measured as 1.055
and 1.066 at RUN 2 and RUN 7 respectively. On the other hand, the highest deflection was measured at
RUN 8. Considering Figure 5, Line and Triangle patters are shown very similar pattern at various
concentrations. This can be described as both patterns having +45° orientations. Each layer of the
Triangle pattern involves £45° orientations, while for the Line pattern45° orientation is followed by a -
45° layer. The infill patterns at 25% density are shown at Figure 6. Thus both patterns have a balanced
structure. On the other hand, in Concentric pattern, infill filaments are aligned with the outer shell
direction at all layers. Therefore, the Concentric pattern is an unbalanced pattern and due to this fact, the
deflection is increased as the concentration increased.

Figure 4. The simulation result of the Run 1
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Figure 5. Effect of the a) main factors, and b) interactions on deflection
Conclusions

In this study, the effect of infill pattern and infill density on the warpage of a thin-walled FDM printed
carbon fiber reinforced filament was investigated. The simulations were conducted at DIGIMAT
software, considering process temperatures, material thermal properties, and slicing G-codes. It was
found that the warpage can be minimized using Line or Triangles patterns which are balanced patterns,
while unbalanced patterns such as concentric was resulted in a higher warpage, especially at the higher
concentrations.
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Figure 6. In fill patterns at 25% concentration, a) linear, b) Triangle, and ¢) Concentric
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Abstract

Wire-arc additive manufacturing (WAAM) is increasingly gaining popularity in aerospace applications
due to its cost-reduction capabilities and short lead times. Aerospace applications encompass many
components that are expensive to manufacture using conventional methods. One significant example of
expensive products produced through traditional methods is the combustion chambers of rocket engines.
These parts are roughly machined from bulk geometry and subsequently machined to their final
thickness. By employing WAAM technology, material waste and CNC machining time can be reduced,
thereby drastically decreasing the overall part cost. This paper focuses on the design of an experiment
(DOE) to produce combustion chambers for aerospace applications using WAAM. To meet the high-
quality and low-weight requirements of aerospace applications, welding parameters should be
optimized. The optimized parameters are current, voltage, travel speed (TS), wire feed speed (WFS),
waiting time between passes, distortion, and stacking strategy. In this project, the inspected properties
are tensile strength, yield strength, porosity, elasticity modulus, and elongation. The DOE comprises
three stages. First, a number (n) of single beads with distinct parameters are created, and through
geometrical macro inspection, most of the single bead parameters are eliminated. Using the remaining
parameter sets, thin walls are generated, and specimens are taken from these walls to assess mechanical
properties. Destructive and non-destructive tests are then applied. Finally, parameter sets that offer the
highest mechanical quality are employed in the additive manufacturing of the combustion chamber for
aerospace applications.

Keywords: Additive Manufacturing, Wire-Arc Additive Manufacturing, Welding Parameter
Optimization, Design of Experiment, Combustion Chamber of a Rocket Engine

Introduction

This paper focuses on the DOE application for manufacturing a combustion chamber for the aerospace
industry via WAAM. Three main stages are depicted for the DOE application. Firstly, the necessary
welding parameter sets are created, and through single-bead experiments, parameter sets that can provide
low-quality welds are eliminated. Single beads are inspected via geometrical macro inspection, and the
ones with better penetration into the build plate, a cross-section shape, and a desired constant height are
found eligible to move on to the next experimental stage.

In the second step, parameter sets that found eligible are used to manufacture thin walls. These walls are
cut to obtain specimens to be inspected via tensile tests. In the final stage, the parameter set that shows
higher performance compared to others is used for WAAM. After the thin walls are created and the
parameter sets are determined, toolpath generation for the combustion chamber becomes a concern
because the welding torch angles during manufacturing significantly affect the weld quality. The welding
torch is intended to be directed at a point close to the base of the previous bead, and the collision of the
welding torch with the built plate is prevented by the mobility of the tilt table.

Desing of Experiment

Experimental Variables
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Controlled, independent, and dependent variables of the experiments are set. Controlled variables are
filler material, welding type (CMT), shielding gas type and flow rate, wire diameter, and substrate
temperature. Independent variables are WFS, TS, voltage, and current. Dependent variables are layer
width, layer thickness, penetration depth, penetration cross-section, and layer cross-section.

W

Figure 1. Single bead geometry. Demonstrating layer width(w), layer height (hw), and penetration
depth (hb).

For decreasing the overall manufacturing time, the height value hw shown in Fig. 1 should be maximized
while maintaining a proper geometry of the weld seam. In the preliminary study, samples produced with
a WFS of 7 m/min and a TS of 20 mm/min were visually distorted, so these values are used as boundaries
for the optimization parameter range. This way, the range of WFS and TS is determined as 4 to 7 m/min
and 20 to 50 mm/min, respectively, as shown in Table 1 with other independent variables.

Table 1. Experimental parameter sets including WFS, TS, voltage and current values in m/min, mm/min,
V, and A respectively.

WFS(m/dk) | TS(mm/dk) V(V) 1(A)
5 33 11,5 145
4 20 12,2 122
7 33 14,3 184
6 30 12,3 132
5 50 12,7 140
4 35 10,7 111
& 33 13,7 162
4 50 11,5 116
6 20 13,7 165
3 20 12,8 142
7 30 13,7 177
7 20 14,2 180

Parameter Optimization Process

Optimization of the independent variables is conducted on the optimization plot depicted in Fig. 2. The
range of material deposition is determined as 4 m/min WFS and 20 mm/min TS for the lowest, and 7
m/min WFES and 50 mm/min TS for the highest material deposition rate. Single bead experiment results
are analyzed, and microstructure examination is applied to the samples. The parameter set that provides
the highest layer height and penetration depth while using material efficiently is selected, and the
microstructure of this parameter set is found acceptable. The optimum layer thickness value for a
considerably high deposition rate is obtained at 6 m/min WFS and 35 mm/min TS.
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Figure 2. Optimization plot for the given parameter ranges. Maximum hw value of 3.65mm is attained
for 6m/min WFS and 35mm/min TS.

. -

Figure 3. 1-) Horizontal and vertical test specimens taken from thin wall. 2-) Thin wall manufactured
via WAAM.

A thin wall is produced via WAAM with 18 passes. Tensile test specimens are cut from the manufactured
single pass thin wall and machined to be tested in tensile test setup as shown in Fig 3.

Combustion Chamber Production via WAAM

Autodesk Powermill and Netfabb software are utilized to generate the toolpath for the WAAM process.
Since the combustion chamber has curves with changing angles, it is a common practice to edit the
toolpath after it is first generated. Being able to select tool-axis angle, retraction and approach point
during manufacturing, and orientation towards the previous layer are crucial for this process since the
tool should be oriented differently during manufacturing due to the curvy part on the combustion
chamber.

During simulations, when the tilt angle is not used, a collision with the build table is observed. To prevent
collision, both the rotating and tilt axes of the positioning device are used. Also, while using 8 axes, a
pause problem is observed in the Powermill simulation, and the software company has acknowledged
that kinematic calculations cannot be made when there is a transition between concave and convex
surfaces. Since offline programming errors originate from the software, manual programming becomes
a reasonable approach. During the process, the Fronius TPS 400i CMT MAG is used with a 1.2 mm
diameter ER316LSi wire. As the shielding gas, Cronigon gas consisting of 98% argon and 2% oxygen
is selected. As a welding strategy, PMC (Pulse Multi Control) is preferred compared to CMT and CMT
mix since it can offer a more stable welding seam. To obtain identical welding seams in each layer, a
pyrometer is used to measure the temperature of the last layer, and the process is interrupted until a
predetermined temperature value is attained. By setting the starting temperature of the last layer constant,
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layer height and layer width are precisely controlled, and the first combustion chamber is additively
manufactured.

Results and Discussion

Tensile tests are conducted on the test specimens cut from the thin walls, and the results are presented
in Table 2. Maximum load, tensile stress at maximum load, tensile stress at yield, and tensile strain at
break are provided for horizontal specimens. For vertical specimens, the tensile stress at maximum load
is found to be 485 MPa, the tensile stress at yield is found to be 170 MPa, and the tensile strain at break
is found to be 30-50%.

Table 2. Tensile test results of the specimens taken from thin wall manufactured via WAAM.

Tensile . . .
: Tensile stress | Tensile strain
Maximum | stressat | oo\ (Offset at Break
Load Maximum
0.2 %) (Standard)
(kN) Load (MPa) (%)
(MPa)
1 11.16 603 332 33.1
2 11.48 620 334 32.9
3 11.21 605 339 34.0
4 10.95 591 332 34.4
5 11.11 600 331 34.5
& 10.91 LS89 332 35.0
7 10.51 568 295 38.9
8 10.20 551 302 39.4
9 10.19 551 291 44.2
10 10.21 552 299 39.4
11 10.05 543 290 40.3
12 10.38 561 302 40.1

In the experiment, it is observed that hw and hb values are directly proportional to WFS and inversely
proportional to TS. The microstructures of the resulting samples had an impact on the selection of the
process parameters in addition to the WFS and TS parameters. Test results showed that the mechanical
properties of WAAM products are superior to those manufactured using conventional methods. Better
mechanical properties indicate that there is no critical porosity or other welding defects in the structure.
Statistical analysis of the test results yielded acceptable p-values, chi-square values, and residual plots.
The statistical analysis results for hw and hb are shown in Fig. 4 and Fig. 5, respectively.

Analysis of Variance

Source DF Rdj 55 REdj M5 F-Valus P-Valus
Model 5 5,83gl15 1,17723 112,892 0,000
Linear 5 5,83615 1,17723 112,92 0,000
WES {m/dk) 3 1,07%10 0,35970 34,350 0,000
TS5 {mm/dk) 2 4,80705 2,40352 230,55 0,000
Error & 0,08255 0,01043
[otal 11 5,94370

Model Summary
5 B-3q EBR-s3g{adj) ER-sg(pred)
0,102103 95,595% 958,07% 895,79%

Figure 4. Statistical analysis results for hw depicting R-sq value of 98.07%.
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F TT

Analysis of WVariance

Source DF Rd4dj 55 Bdj M5 F-Valus P-Value
Model 5 0,8337 0,1l6674 T, 74 0,014
Linear 5 0,8337 0,1l6674 T, 74 0,014
WES (m/dk) 3 0,5845 0,1%9483 9,05 0,012
T35 {mm/dk) 2 0,24%2 0,12481 5,748 0,040
Error & 0,1292 0,02153
Total 11 0,%9&2%

kcdel Summary

3 B-3q E-3g{adj) EB-sg(pred)
0,148733 £56,53% 75,40% 46, 34%

Figure 5. Statistical analysis results for hb depicting R-sg value of 75.40%.
Conclusions

In conclusion, this paper presents the design of an experimental approach to manufacture a combustion
chamber for aerospace applications via WAAM. One of the most important aspects of the WAAM
process, namely selecting a proper welding parameter set, is addressed in the design of the experimental
approach. The methodology created through this study is found to be fairly beneficial for determining a
proper welding parameter set in a time-efficient manner. After applying destructive and nondestructive
tests, the best parameter set is obtained, which appears to have high mechanical properties sufficient for
use in aerospace applications. Using this parameter set, a combustion chamber is successfully
manufactured.
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Abstract

The jaw implants support dental prostheses to replace missing teeth. Speech, bone loss prevention,
aesthetics, preservation of neighboring teeth and jaw fractures, comfort, and oral health are improved
with these implants. Ti-64 and CoCr alloys are used in dentistry for biocompatibility, corrosion
resistance, biostability, osseointegration, durability, and clinical success. In orthopedics and
reconstructive surgery, 3D-printed bone implants are common. Thanks to digital technologies, additive
manufacturing, and topological optimization are accelerating biomedical research and development like
never before. Their key benefits include patient-specific implants, intricate geometries, faster production
and operation, good bone and reconstructive integration, and patient comfort. This ongoing research
employs a custom-made jaw model to study its mechanical properties under chewing stresses. The model
was then subjected to topological simulation, as a part of DFAM. We used 3D printing simulations to
investigate dimensional inaccuracies caused by thermal stresses and support structure removal. Although
chewing loads were below the yield strength, substantial dimensional distortion suggested using
compensated geometry to manufacture the implant. This study seeks to provide researchers with helpful
advice for future research.

Keywords: Bone & dental implants, additive manufacturing, 3D printing, topology optimization, Ti64,
CoCr.

Introduction

Additive manufacturing, often known as 3-D printing, redefines creativity and is a technical revolution
of the contemporary day. The fabrication of three-dimensional products layer by layer during this
transformational process constitutes a departure from centuries-old subtractive manufacturing
procedures. Additive manufacturing (AM) has grown in popularity recently because of its design
flexibility, high production liberalization, reduced material waste, and superior forming precision [1].

This technology can transform the healthcare industry, particularly bone and dental implantology. The
accuracy and customization of AM might lead to a shift toward patient-centered therapy. Clinicians and
engineers may design customized implants that match each patient's anatomical and therapeutic needs,
breaking free from previous constraints [2]. These implants are tailored to encourage easy integration
and long-term efficacy, resulting in higher patient happiness and welfare. Customizing additive
manufacturing (AM) may result in complex, porous designs that improve osseointegration and help
integrate bone tissues (Figure 1). This technology would enhance patient outcomes, healing times, and
the quality of life when considering additive manufacturing (AM) in healthcare [3] [4].
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Figure 1. Additive Manufacturing of Bone Implants [5]

Edentulism is a prevalent condition on a global scale, particularly among the elderly population. Natural
teeth's profound and permanent absence substantially influences individuals' overall health, leading to
functional and social constraints. The incidence of bone disorders and fractures is increasing steadily
over time. A mandibular issue may arise due to an accident or illness affecting the mandible, the most
significant and robust bone in the human facial structure [6]. A bone grafting treatment is employed to
expedite the recovery of patients due to the protracted duration of the inherent healing process of
mandibular bones.

The use of biomaterials in bone replacement by 3D printing is being investigated as an alternative to
conventional bone grafting procedures such as autographs, allographs, and xenografts, all of which have
inherent limitations. The bone scaffold may be effectively manufactured utilizing additive
manufacturing or 3D printing, allowing for rapid production and material customization. Recently, many
alternative additive manufacturing methods have been explored for bone tissue creation. SLA, FDM,
DMLS, 3DP, SLM, Poly-Jet Technology, and EBM are the methods employed in the sector [7]. In recent
years, there has been a steady increase in research on mandibular bone replacement surgery.

The initiation of the CAD design process for mandibular jaw implants often involves the acquisition of
high-resolution CT (Computed Tomography) scan data of the patient's mandible in DICOM format [8].
This 3D volumetric data is then imported into one of the commercially available specialized medical
imaging software and serves as the foundation for the subsequent CAD modeling steps [9]. The
mandibular implant is methodically built using computer-aided design tools, resulting in a highly
detailed virtual model (Figure 2).
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Figure 2. Mandibular Jaw Implant [10]
Materials and Methods

This study prefers Ti64 (titanium alloy Ti-6Al-4V) for implants such as orthopedic and dental devices
because of its biocompatibility, corrosion resistance, and high strength-to-weight ratio. The material's
Young's modulus and Poisson ratio were set to 116 GPa and 0.31, respectively, and the yield strength
value of 880 MPa was used [11].

The .STEP file of the CAD model was obtained from publicly accessible free libraries online (Figure 3).
Subsequently, finite element analysis (FEA) simulations were employed using the Altair Inspire
Software to evaluate the implant's stress distribution and load-bearing characteristics under physiological
conditions. Topological optimization and 3D printing simulations were also performed in the same
software.

Figure 3. CAD model of Mandibular Jaw Implant used.

The chewing patterns of the patients recovering from implant surgery and the chewing requirements of
a typical meal (where a maximum force is not used in every chew) were both attempted to be reflected
by the two load scenarios employed in this study. Forces of 240N and 450N were applied in the 1st and
2nd load cases, assuming 1st as the regular chewing force and 2nd under severe conditions, respectively
[12]. The implant was constrained in 6 positions, replicating the actual scenario of being implanted in
any patient.

In all loading scenarios, the resultant forces were exerted on the three posts, replicating the transfer of
stresses from the denture to the whole metal structure of the implant. These were followed by topological
optimizations, with ‘maximum stiffness’ as the TO method. 3D printing simulations enabled us to
evaluate the dimensional errors that could occur due to thermal stresses inherent in the process [4] and
the removal of support structures during the additive manufacturing of these implants.
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Results and Discussion

For regular and extreme chewing cases, i.e., the maximum displacements for 1st and 2nd load cases were
less than 0.05mm and 0.1mm, respectively. Similarly, the maximum von Mises stresses were less than
300MPa and 500MPa, respectively. The displacement is insignificant, and the stresses are much lower
than the yield strength of titanium, which is approximately 880MPa.

For topological optimization, 62% of the mass was reduced when compared with the original model, as
shown in Figure 4, while the objective of the topological optimization was set to “Maximize Stiffness.”
The optimized part was again subjected to the 2nd load case, and the maximum displacement and von
Mises stresses were less than 0.1mm and 300MPa, respectively.

Figure 4. Topologically optimized part

Following the topological optimization, the 3D printing simulations were performed on the original
model to get the residual stresses and maximum spring back displacement when the supports were
removed. The maximum residual stress was approximately 950 MPa at one of the supports (Figure 5),
while the maximum displacement was more than 1.5 mm after removing the supports (Figure 6). So, the
compensated geometry should be used while printing the part.

Figure 5: Residual Stresses after printing
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Figure 6: Springback Displacement
Conclusions

The study demonstrates that employing these computational tools before in-vivo tests and actual
surgeries enhances the comfort and quality of life for edentulous patients who may benefit from sub-
periosteal jaw-fastened implant systems in the future. These simulations also assisted us in gaining a
better knowledge of the implant's function and stability and identifying potential improvement areas.
This study will be the foundation for data-driven improvements in mandibular jaw implant design and
implantology.
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Abstract

The parameters such as laser power, spot diameter and scanning velocity used during the selective laser
melting (SLM) process affect the temperature variation between layers. On the other hand, in practical
applications the temperature variations between layers cannot be measured directly. In this study, the
diode intensity values obtained from the Melt Pool monitoring features of Concept Laser M2 Cusing
machine were utilized to reveal applied Energy Density values on layers. By establishing a correlation
between these values and theoretically calculated energy density values, a mathematical model has been
derived. This study presents a multiphysics numerical model with the aim of investigating the
influencing factors in the Selective Laser Melting (SLM) process for part production. In this context,
mathematical relationships among these factors are established while utilizing aluminum alloy
AlSi10Mg powder as the material of interest. The research thoroughly examines the effects of laser
power and laser spot diameter on the temperature of the melt pool at various scanning velocities.
Consequently, mathematical expressions that establish correlations between process parameters and melt
pool temperature are derived.

Keywords: Energy density; diode intensity; additive manufacturing; selective laser melting (SLM);
process parameter; AISi10Mg aluminum alloy; finite element method (FEM)

Introduction

Additive manufacturing (AM) is the process of constructing 3D structures by fusing layers of material
powder together. The AM methods are becoming an alternative manufacturing technology rapidly
replacing traditional manufacturing counterparts. It reduces the need for traditional methods such as
casting and drilling and allows complex parts to be produced directly. It also reduces the need for large
assemblies and allows a more liberal approach to design than traditional manufacturing. In metal additive
manufacturing technology, one of the most prominent methods is the Powder Bed Fusion (PBF) process.
In the PBF process, material powder is selectively fused together layer-by-layer into a 3D structure. The
PBF can be broadly classified as[1-6]:

1. direct metal laser sintering (DMLYS)
2. electron beam melting (EBM)
3. selective heat sintering (SHS)
4. selective laser melting (SLM)

5. selective laser sintering (SLS)
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Among the above mentioned production schemes, SLM method is the most preferred one. SLM is a
powder-bed process whereby a high-density-focused laser beam selectively scans a powder bed. The
scanned and solidified layers are stacked upon each other to build a fully functional three-dimensional
part, tool, or a prototype. PBF technologies, in which either laser, heat or electron beam is used as the
energy source to fuse the powder particles together to form a three-dimensional object, can be used for
a diverse range of applications [7-14]. Unlike conventional manufacturing processes, pre-processing
starts directly with the CAD model converted to a special file format to represent the geometry with
triangles and special algorithms are used to slice the 3D model into thin layers, typically of about 20—40
um in the SLM process. After setting process parameters such as scan strategy, laser power, hatch
distance, and scan speed for the material to be processed, a suitable (commercially available) software
embedded to the SLM machine slices the 3D object down to a 2D production file and the SLM device
scans every layer on top of each other until the part geometry is completely built [15-20]. This method
has advantages and disadvantages compared to other production methods. The production time is usually
much longer than conventional manufacturing techniques. In addition, more support structure is needed
in the SLM method compared to the EBM production method. On the other hand, it provides better
surface quality compared to production methods such as EBM. In the SLM method, -depending on the
SLM device- some of the parameters can be changed to have certain expected microstructure and/or
mechanical properties. Indeed, parameters such as laser power, scanning speed, layer thickness and laser
spot diameter directly affect the energy density. Before starting the production of the part, the energy
density is calculated and the laser power, scanning speed, Laser Spot Diameter and layer thickness
suitable for the material to be used are determined. Then, the determined parameters are given to the
SLM system as inputs before starting the production. However, in general, information about the energy
density value or layer temperature cannot be obtained directly from the SLM systems. Therefore, various
numerical models are developed and the theoretical energy density is calculated with the input
parameters. By the energy density equation(s), it is found that there is a direct proportion between energy
density and laser power, and an inverse proportion with scanning speed, layer thickness and Laser Spot
Diameter. For the experimental investigations, the layer temperature can be measured using a thermal
camera. However, in some studies [21-28], the temperature was calculated without using a thermal
camera. On the other hand, some SLM devices are equipped with diode sensors to monitor melt pool
features. These kinds of sensors take images of the production at certain periods during operation. Then
the light intensity is determined from the pictures and is recorded into a file. Once the operation is
completed, both the pictures taken during production and the diode intensity values are recorded.

In this study, an ex-situ energy density computation method is introduced by correlating diode intensity
obtained from some of SLM devices. For this purpose, the theoretically calculated energy density and
the diode densities obtained from the SLM machine were compared. The variations between the layers
are calculated and a numerical model is investigated.

Experimental Setup and Controlling Layer Properties

Layer properties can be controlled by changing various parameters [29]. For example, the laser power
can be changed according to the material that will be used in printing. A parameter set suitable for
production can be created by optimizing some of the process parameters. It is known that process
parameter changes adversely affect the final results. For instance, if the material is exposed to a
temperature higher than the melting temperature of the material, the part may have some defects or the
melting powder may vaporize. On the other hand, when the temperature is lower than the temperature
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required for the material to melt, the melt pool characteristics, such as melt pool life, area, may not be
enough to produce the desired geometry.

The effects of parameter changes can be estimated for a single layer. However, since there is energy
transfer between the layers, the estimations and the measurements made during the production might not
agree. Therefore, the transfer between layers should be considered as well. This is not necessarily
straightforward. This is why the data recorded by the SLM machine during production are fed into the
simulations performed. The diode density data may be used to provide information about the energy
density. Using the data, energy and temperature changes between layers can be calculated.

In this study, the following assumptions were taken into consideration while making correlation [30]:

I. The speed of the laser beam is constant, and the focused laser spot is circular. The deposited layer
geometry is taken as elliptical because the energy distribution in the laser beam cross-section is
considered to be Gaussian. This type of energy distribution yields a convex shaped deposited layer, along
the cross-section that can be correlated with an “elliptical” profile.

I1. The surface tension can be determined via the microscopic structure of the liquid near the surface. At
the liquid—vapor interface, the density changes radically from a high value in the liquid state to a very
low value in the gas phase. Surface atoms experience an “attraction” toward the liquid phase, which
originates from the surface tension. In this study measurements were conducted via post-processing
techniques because in-situ layer deposition could not be monitored. Thus, the surface tension of the melt
flow was neglected. The thickness of the powder layer is known to be an input in the LPBF process.

The laser beam energy dissipation by the powder granules is assumed to be constant, and the powder
particle mean size is considered. While forming a powder bed, the overlapping of the powder particles
are ignored.

Table 1. AlSi10Mg LPBF printing experimental parameters

Sample Laser Layer Scanning
No. Power Spot Diameter Velocity
W) (nm) (m/s)

1 75 140 0.6
2 225 140 14
3 275 140 0.6
4 350 140 1.1
5 400 140 0.8
6 110 150 0.8
7 110 120 1.1
8 110 100 0.6
9 110 75 1.1
10 110 50 1.4

In this study, AISi10Mg Aluminium powder was used. The production was carried out with multiple
sets of parameters. The parameter sets that were used are given in Table.1. Between the runs, laser
power, scanning speed and laser diameter were varied and layer thickness was kept constant. The layer
thickness is set to 25 pm. With these parameter sets, it was possible to observe the change in energy
density and the change between layers. All of the parameter sets used in this study were prepared
considering the aluminum material in order to ensure production was carried out smoothly.
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Method

In this section, the correlation study between diode density and energy density is described. The values
obtained for the study were converted into real data by applying a normalization process. Firstly, 10
different parameter sets were defined for each part to be produced. Then, volumetric energy density
values were calculated for each run using the parameter sets entered before production. The volumetric
energy density can be calculated as follows [25].

VED=P/(w H d)

where VED is volumetric energy density (J/mm?q), P is laser power (W), w is scan rate (mm/s), H is scan
depth (mm) and d is spot diameter (mm).

Volumetric energy density value was calculated for each part and parameter set. Diode density and melt
pool area values were taken from the Concept Laser M2 Cusing device. The volumetric energy density
values obtained were used to calculate the differences between the layers. The change in the result of
each layer was calculated as a percentage. The change between the layers was obtained as a result of the
change of parameter sets. Also, the change in diode intensity values obtained from the SLM machine
was calculated for each layer. The energy density and diode intensity values were compared and a
correlation between the values was found. Then it was possible to come up with a formula using
parameters such as laser power, laser spot diameter and scanning velocity. The developed formula is
suitable for all SLM machines and its suitability was tested for different parameters.

Experimental Results and Discussion

For the study, 10 parameter sets of 30 specimens each were prepared. As a result, the relationship
between diode intensity and energy density was derived. It is also observed that the percentage of change
of these variables between layers is close to each other. In addition, a relationship was derived by using
linear regression between the two values. The experimentally calculated margin of error was used in the
formula obtained at the end of the study. Also all variants of specimens achieved the default assumed
error rate. This condition was met by all the specimens produced by SLM production method.

The correlation between the theoretically obtained energy density value of the 9th sample and the diode
density values obtained in the SLM machine can be seen in Figure 1. When the same data is normalized,
the amount of percentage change between them converges.
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Figure 1. Diode Intensity and Energy Density through layers for Part 9

It can also be seen in Figure 2 that a similar relationship was observed in the 12th sample where the
parameter set order was different from the other samples. As a result, the error rate between experimental
and theoretical data was used as a coefficient variable.
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Figure 2. Diode Intensity and Energy Density through layers for Part 12

The empirical relationship derived using the data sets obtained between diode intensity and energy
density was valid through all samples. The cosmetic differences (like outer texture, surface reflectivity)
between different samples can be observed in Figure 3. These differences are due to the laser power,
laser spot diameter and scanning velocity values. The differences between the parts could also be
observed in diode intensity maps of the parts. In addition, with some specific parameters it was observed
that the support structures were separated from the production table. It was found that the separation was
also caused by the parameter choice such as scanning speed. There is no significant difference in the
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parts produced with parameter sets that are similar. However, the difference between samples could also
be observed in the internal structure of the sample and the values obtained from the SLM machine.

Figure 3. Image of the manufactured part

As a result of the study, formulas were developed to predict the interlayer energy exchange for any part
to be produced with the SLM production method.

Conclusions

In this study, the variation between layers as a result of parameter changes is investigated experimentally
and theoretically. It was observed that diode intensity and energy density are correlated with each other.
This relation could be utilized in the control of temperature throughout a layer and in between layers. In
other words by the help of the relation found, heat transfer between layers can be calculated before
production and necessary changes can be made. This would ensure the printed part to be optimized in
desired characteristics. This study deals with all layers and the parametric variation of each point
position. Previous studies [31-34] have generally studied a single layer. Therefore, this study proposes
a novel approach to verify the applied Energy Density during the SLMed parts by using Diode Intensity
data recorded by some of SLM systems.
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Abstract

Environmental sustainability necessitates a profound reevaluation of materials engineering. This paper
introduces an innovative approach to eco-materials design, leveraging lattice structures with the potential
to transform the sustainable materials landscape. Drawing inspiration from nature's efficient designs,
these geometric patterns offer mechanical efficiency, durability, and recyclability. Our research focuses
on assessing the environmental advantages presented by these pioneering lattice structures. We explore
various lattice designs, including Simple Cubic, Diamond Cubic, Octet, Kelvin, Tesseract lattices, and
a hybrid SC-BCC lattice. We quantify their sustainability impact, specifically in terms of CO2 reduction,
when applied to additive manufacturing of an AlSi10Mg lever arm. The lattice structures used in our
study featured a cell size of 10 by 10 mm with strut dimensions of 1.5 mm. Employing Altair Inspire
2022 for lattice design and Ansys Workbench 2023 R2 for analysis, we assigned the AlSi10Mg material
to CAD models. Our analysis reveals compelling results: The Octet lattice achieves an 8.31% CO>
reduction, while the Tesseract lattice attains 11.78%, the SC-BCC lattice achieves an impressive 18.94%,
Kelvin lattice reaches 19.86%, Diamond Cubic lattice achieves 20.09%, and Simple Cubic lattice leads
with a substantial 20.32% CO2 reduction compared to a full solid model. Furthermore, we conducted
failure analysis, finding that the solid model can withstand forces up to 10,300 N before yielding,
whereas the cubic lattice begins to yield at 1,550 N. This indicates that the application of lattices under
load conditions of 1,550 N can significantly reduce CO. emissions. Our findings underscore the promise
of lattice structures in advancing sustainable materials engineering, demonstrating their potential to
enhance environmental performance in automotive.

Keywords: Lattices, BCC, Cubic, Sustainability, Lever Arm
Introduction

Additive manufacturing (AM) empowers the creation of robust yet lightweight constructions featuring
intricate lattice designs that are beyond the capabilities of conventional manufacturing techniques [1]. A
lattice structure is a regular and porous arrangement formed by systematically combining fundamental
units in a specific periodic fashion [2]. Gradient formations are prevalent in nature, manifesting in the
microstructures of various organisms, including animals, plants, and even human bones. For instance,
consider the microstructure of bamboo, which exhibits a porous gradient pattern characterized by
heightened porosity on the outer surface encompassing the bamboo's circular structure and diminishing
porosity as it approaches the inner surface [3]. Nevertheless, a significant distinction between uniform
lattice structures (ULS) and gradient lattice structures (GLS) lies in their response to external forces.
When subjected to force, ULS tend to experience layer-by-layer deterioration. Conversely, GLS can
confer specific strength to particular regions within the structures by modulating density variations
throughout the volume [4].
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Next Generation Materials
Lattice Structures

Emerging polymer 3D-printing technologies are enabling the design and fabrication of mechanically
efficient lattice structures with intricate structures

[5]. Polymer lattices are a type of cellular material that is made up of a network of interconnected struts.
They have a number of unique properties, including high strength, stiffness, and energy absorption. They
are also very lightweight, which makes them ideal for a variety of applications. The lattices below are
very diverse in terms of their shape, size, and material. This demonstrates the versatility of AM for
printing polymer lattices. In areas of safety equipment, polymer-printed lattices achieve efficient energy
absorption with a rapid fabrication process that bypasses the supply chain limitations of bulk
manufacturing [6][7].

Figure 1. Polymer Lattices Nano-Mechanics lab-ODTU [8]

Similarly, the metal additive manufacturing techniques can be used for the development of the metallic
lattices.

Figure 2. Lattice Structures Applications-EKTAM [9]

Gradient Structures & Generative Design
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We employ ntopology and Gen 3D software for the generation of lattice structures, while also utilizing
Autodesk Inventor's generative design feature to create lattices within parts and optimize them according

to specific requirements [10].

Figure 3. Hybrid Lattices [11]

Metallized Structures

Polymers inherently lack metal-like properties such as electrical and thermal conductivity, light
absorption and reflectivity, magnetism, and high durability. Consequently, researchers have directed
their efforts towards metallizing polymers, a process that empowers the development of structures
featuring augmented properties bridging the gap between polymers and metals [12]. We employ a variety
of techniques to metallize polymers, including physical vapor deposition, electroless plating, vapor
phase deposition, electroplating, lithography for metal patterning, screen printing for metal patterning,
direct writing methods, electrohydrodynamic printing, and ion beam milling [13].

Figure 4. Thermochemical and Electrochemical Materials Processing Laboratory-ODTU ABS
Coating [14]

Figure 5. Thermochemical and Electrochemical Materials Processing Laboratory-ODTU
Honeycombs [15]

Harnessing Environmental Sustainability

Incorporating lattice structures into product design offers a significant advantage by facilitating the
development of lighter-weight products. This approach directly translates into reduced material usage,
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which, in turn, contributes to a noteworthy decrease in the carbon dioxide (CO>) footprint associated
with the production and use of the product. By optimizing the structural design through these innovative
lattice patterns, we not only achieve weight reduction but also align our efforts with sustainability goals
by minimizing resource consumption and environmental impact.

In the image, the lever arm is the long, thin metal rod that is attached to the top swivel and the steering
arm. It is responsible for transferring the rotational force from the steering wheel to the steering knuckles,
which turn the wheels as shown in figure below.

Figure 6. Lever Arm Application [16]

Here, different lattices are introduced in a solid lever arm (Length X=236.82 mm, Height Y=40mm,
Width Z=50mm) & CO- reduction is investigated using Ansys 2023 R2.

Methodology

[ 3D-CAD Modelling (Lattice Cell=10mm, Strut= 1.51’1].131)]

:

[ Importing to Ansys 2023 R2 ]

[ Material Assignment AlS110Mg (AM) ]

Mass Measurement for CAD Models ]

: :

CO; Emissions Measurement ]

L

[ % Reduction calculation ]
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CAD Models

Figure 7. a) Solid b) Simple Cubic c) Diamond Cubic d) Octet e) Kelvin f) Tesseract g) SC-BCC

CO; Emissions Reduction

Table 4. Comparative CO2 Emissions Reduction

Comparative CO, Emissions Reduction

1Kg AlSi1l0Mg =296.39Kg [17]
Single Lattice Cell=10x10 mm, Strut= 1.5mm

Design Mass CO; % CO;
Kg Emission Reduction
Kg
Solid 0.433 | 128.34

Simple 0.345 | 102.25 20.32
D. Cube 0.346 | 102.55 20.09

Octet 0.397 117.67 8.31
Kelvin 0.347 102.85 19.86
Tesseract 0.382 113.22 11.78

Hybrid Lattice Cell=10x10 mm, Strut= 1.5mm
SC-BCC | 0.351 | 104.03 | 18.94
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Insights from Failure Analysis

Furthermore, we conducted failure analysis, finding that the solid model can withstand forces up to
10,300 N before yielding (250MPa), whereas the cubic lattice begins to yield at 1,550 N. This indicates
that the application of lattices under load conditions of 1,550 N, can significantly reduce CO> emissions.

a) Total Deformation Solid

Figure 8. Failure Analysis Solid Model

b) Von-mises Stress Solid

b) Von-mises Stress Simple Cubic

Figure 9. Failure Analysis Cubic Lattice
Conclusions & Recommendations

In conclusion, our exploration of lattice structures within the realm of eco-materials design has revealed
a promising path toward a more sustainable future. The results showcased in this paper underscore the
significant environmental benefits that can be achieved through the adoption of these innovative
structures across various industries, including automotive.

Our findings on different lattices clearly demonstrate substantial weight reductions compared to
traditional solid structure, resulting in noteworthy CO2 emissions reductions. These reductions not only
contribute to a more environmentally responsible approach to materials engineering but also align with
the urgent global need to combat climate change. The work will be extended for complete failure analysis
of all these lattices.
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As we look to the future, it's evident that thick metallization of polymer lattices holds the potential for
substantial economic benefits as substitute to metal additive manufacturing. This innovative approach
not only enhances the structural integrity of polymer lattices eco-materials but also introduces new
opportunities for industries to reduce costs and environmental impact simultaneously. The comparative
assessment of failure analysis is needed between LPBF & metallized polymer lattice-engineered
structures.

In the coming years, we anticipate continued advancements in eco-materials design, with a focus on
refining and expanding the utilization of lattice structures.
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Abstract

This case study employs Abaqus software to conduct a numerical simulation of the deep drawing
process. Four crucial components, including the blank, blank holder, die, and punch, are meticulously
assembled within the Abaqus environment. The investigation involves the application of three distinct
hardening models, encompassing isotropic, kinematic, and combined approaches, as well as the
utilization of two yielding functions: isotropic Von-Mises and anisotropic Hills function. The plasticity
parameters, crucial for accurate material representation, are derived from data obtained in a
comprehensive uniaxial tensile test. The material under examination is DKP 6112, and precise friction
coefficients are determined to characterize interactions between the blank, blank holder, die, and punch.
Concurrently, blank holding forces are fine-tuned to mitigate instability risks, while the velocity of the
punch is systematically adjusted to explore its impact on blank deformation. This investigation also
delves into the theoretical foundations of plasticity, providing a comprehensive backdrop for the Abaqus
simulations. The empirical data gathered from a tensile test, encompassing stress-strain values at varying
loads, contributes to engineering stress-strain and true stress-true strain graph development. Employing
Ludwick's equation, stress values are extrapolated from true plastic strain data. Subsequently, these
stress-strain profiles, along with residual stress assessments during unloading, are incorporated into the
Abaqus simulations. Notably, the research reveals that the combined hardening model yields superior
and more precise results when compared to the isotropic and kinematic hardening models. The study
concludes by identifying a punch displacement of 20 mm as a key parameter influencing the deep
drawing process.

Keywords: Deep Drawing Process Simulation, Abaqus, Hardening Models, Isotropic, Kinematic, Hills
function

Introduction

Deep drawing is characterized as a sheet forming process that involves the transformation of a flat sheet
into a hollow component, either with one side open (direct drawing) or by shaping an open hollow part
into a smaller cross-sectional hollow part (re-drawing) [1]. The deep drawing process involves essential
components, including a blank, punch, die, and optionally, a blank holder with or without draw beads
positioned along the die's edges. The punch exerts radial downward pressure on the sheet metal,
compelling it to take the shape of the die cavity [2-3].

Deep drawing can be performed in multiple stages. While single-stage deep drawing processes can
benefit from preconditioning to widen their processing windows, the presence of hardening effects
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imposes constraints on multi-stage forming processes, which are essential for manufacturing complex
components [4].

Throughout the deep drawing process, sheet metal frequently experiences various stress conditions
during plastic deformation. These conditions primarily encompass uniaxial tension, equiaxial biaxial
tension, and shear stress states [5].

In this case study, we conduct a simulation of the deep drawing process. The study entails the utilization
of three different hardening models, including isotropic, kinematic, and combined models, in
conjunction with two yielding functions: isotropic Von-Mises and anisotropic Hills function.

Methodology & Results

In this simulation, the model comprises four distinct components, namely a die, a punch, a blank holder,
and a blank, as previously described. To facilitate computational efficiency, a quarter model is created
within the Abaqus environment. The blank is represented as a 3D deformable sheet, while the die, punch,
and blank holder are modeled as 3D discrete and rigid entities. Subsequent simulations are conducted
for all hardening models, employing both yielding functions. Detailed methodologies employed within
Abaqus are expounded upon in this section.

Table 1. Dimensions & Data

Blank dimensions (mm) 280 X 260
Punch dimensions (mm) 200 X 180
Punch shoulder radius (mm) | 14
Punch corner radius (mm) | 35

Die dimensions (mm) 203 x 183
Die shoulder radius (mm) 12
Die corner radius (mm) 38
Sheet thickness (mm) 1.2
Material DKP6112

In the first simulation, we utilize the isotropic hardening model with an isotropic Von Mises yielding
function in the SI mm system. Material properties, including density, Young's modulus, yield strength,
and Poisson’'s ratio, are defined. Density data is sourced from Dizaji [6], while Young's modulus and
yield strength are extracted from the tensile test data, with Poisson's ratio also obtained from Dizaji [6].

Table 2. Elasticity Parameters

Elasticity Parameters
Density 7.83*10°°
(tonnes/mm?3)
Young’s  Modulus | 141394
(MPa)
Poisson’s ratio 0.32
Yield Stress (MPa) 245

In the plasticity analysis, we begin by constructing an engineering stress vs. engineering strain curve
based on the provided tensile data. Subsequently, we transform this curve into a true stress vs. true strain
representation using appropriate equations. From this curve, plastic strains are obtained. Since the values
before the yield point are negative hence they are converted to positive values. For the plasticity
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parameters, the data required is obtained by using Ludwick’s equation. The values of H and n are
determined by curve fitting in MATLAB and given as H=537.5 and n=0.6191 and yield stress is given
as 245 MPa. The Ludwick’s curve is provided below:

Ludwick Equation

500
= 450
= 400
w350
2 300

0.05 0.1 0.15 02 0.25

Plastic Strain (mm/mm)

Figure 1. Ludwick’s Curve

The plasticity parameters inputted in the software. After defining material properties, we assign them to
the blank. To assess the forces acting on the blank holder, an inertia value of 5 is assigned to it.
Subsequently, all components are assembled in Abaqus, and surfaces involved in the deep drawing
process are designated, including those between the blank and die, blank and holder, and blank and
punch. We establish two steps: loading, to observe blank deformation, and unloading, to study
springback and residual stresses. Both steps span 0.1 seconds. Next, we define interaction properties for
the interacting surfaces using the penalty method and a friction coefficient of 0.05 [1]. Boundary
conditions are applied to all parts, including two for the blank, one for the holder, and two for the punch
(one specifying punch velocity, determined as 200 mm/s). The load on the blank holder is set at 30 MPa
to maintain contact with the die while allowing blank deformation. After several simulations, this
pressure value was determined as optimal, while the pressure required to secure the blank holder was
found to be 10 MPa. The figures below illustrate pressure distribution and the model assembly.

Figure 2. Blank Holder Pressure

The subsequent step, meshing the components, posed challenges due to a 1000-node limitation. To
address this, the blank was assigned a global size of 8, yielding 646 nodes and 288 elements (C3D8R
type). Other parts were meshed with a global size of 30 due to node restrictions. The die featured 77
nodes and 60 elements (60 linear quadrilateral elements of R3D4 type), the holder had 12 nodes and 5
elements (R3D4 type), and the punch utilized 158 nodes, 156 elements, and 156 quadrilateral elements
(R3D4 type).
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Figure 3. Meshed Components

In the case of isotropic hardening with a Von-Mises yielding function, the loading step employs a blank
holder force of 30 MPa and a punch velocity of 200 mm/s. During the unloading step, the blank holder
force gradually decreases from 30 MPa to 10 MPa, while the punch unloading velocity is set at 400
mm/s.

T

.........
11111

Figure 4. Deformation Loading Step (Isotropic)

Figure 5. Deformation Unloading Step (Isotropic)

The next selected hardening type is linear kinematic hardening, which introduces two sets of plasticity
parameters while keeping other parameters consistent with the previous isotropic hardening case.
Loading and unloading forces and velocities remain identical to the isotropic hardening scenario. The
primary distinction between isotropic and kinematic hardening lies in their respective behaviors:
isotropic hardening entails yield surface expansion, while kinematic hardening involves the translation
of the yield surface's center. Additionally, kinematic hardening introduces the Bauschinger effect, where
material is initially loaded beyond the yield point and subsequently reloaded in the reverse direction,
resulting in a lower yield point in the reverse direction.

Figure 4. Deformation Loading (Kinematic)
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Figure 5. Deformation Unloading (Kinematic)

After unloading the blank, we analyze residual stresses and springback. Residual forces are lower than
those during loading. Furthermore, the subsequent section will cover the discussion of kinetic and
internal energy graph results for all cases.

In the case of combined hardening, plasticity parameters are derived from the Ludwick's curve, with the
remaining values matching those of the isotropic hardening scenario. Half cycle data is utilized, and a
single back stress is considered. The deformation results are illustrated in the following figures:

+3.7560+01
+1.060e+01

Figure 7. Deformation Unloading Step (Combined)
Anisotropic modeling, utilizing Hill's potential function, is applied to all three hardening models. In this
approach, a local datum is established mirroring the global datum, and material orientation for anisotropy
is defined. All other parameters remain consistent. Below, the deformed blank condition at the end of

the loading step is depicted for the isotropic hardening case employing Hill's potential function. The
figure below reveals unexpected stresses in the blank caused by anisotropies.

Figure 8. Deformation Loading (Hill’s Isotropic)
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Figure 9. Deformation Unloading (Hill’s Isotropic)

Similarly, for linear kinematic hardening using Hill's potential function, figures for both loading and unloading
steps are provided below:

02
3980401

B 46.281e+01
+4.165e+01
+2.048e4+01

Figure 11. Deformation Unloading (Hill’s Kinematic)

Additionally, for the combined hardening case with Hill's potential function, the loading and unloading steps are
shown below:

+3
+3.142e+02
+2.867e+02

+ +01
+3.266e+01
+1.280e+01

Figure 13. Deformation Unloading (Hill’s Combined)

Kinetic and internal energies for all three cases were identical, as shown in the following figures.
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Figure 14. Kinetic Energy (All Cases)

The internal energy plot follows, revealing values over 10 times greater than the kinetic energy of the
model.

Time

Figure 15. Internal Energy (All Cases)

Conclusion & Recommendations
This study involved a thorough analysis of the deep drawing process through experimental data and
finite element simulations in Abaqus. Key findings include:

1. Material Characterization: A tensile test yielded stress-strain data used to construct engineering and
true stress-strain curves. Ludwick’s equation was applied to determine stresses from true plastic strain.

2. Hardening Models: Three hardening models (isotropic, kinematic, and combined) with two yielding
functions were employed. The combined hardening model outperformed the others, reducing residual
stress during unloading.

3. Punch Displacement: A critical parameter, the punch displacement, was found to be 20 mm.
Recommendations & Future Work:

1. Advanced Simulation: Investigate advanced simulation methods, including adaptive meshing and
multi-scale modeling, to address meshing challenges.

2. Process Optimization: Study additional process parameters such as blank holder force and friction
coefficients for optimization.

3. Validation Studies: Conduct experimental validation to validate simulation results.

In summary, this study offers valuable insights into the deep drawing process and hardening models,
providing a foundation for future research and improvements in deep drawing simulations.
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Abstract

This conference paper presents a meticulous eco-audit of a controllable pitch propeller, performed with
the aid of ANSYS Granta software. The study's inception involved defining crucial dimensions and
establishing a comprehensive set of general and specific requirements, categorically divided into
structural and environmental considerations. Employing the Ashby method for material selection, an
exhaustive process was conducted to carefully choose materials aligning with these stringent
requirements, while concurrently identifying suitable suppliers. The research also encompassed the
development of detailed technical drawings, comprehensive manufacturing processes for each propeller
component, assembly procedures, and a precise assessment of associated equipment costs. Subsequently,
this extensive dataset formed the basis for an eco-audit, entailing a thorough analysis of carbon footprint,
energy consumption, and costs (CEE). The study's findings unveiled a total CO> footprint of 1.4x105
kg, with materials emerging as a prominent contributor, constituting a substantial 75% of this footprint.
Furthermore, it was evident that the integration of recycling measures held the potential to achieve a
notable reduction in the carbon footprint, with the possibility of up to a 30% decrease.

Keywords: Ansys Granta, Controllable Pitch Propeller (CPP), Circular economies, Ashby Method
Introduction

The marine propeller constitutes a vital component within the traditional ship propulsion system,
comprising the primary engine, transmission shaft, and propeller. Its primary role is to propel the vessel,
harnessing power generated and conveyed by the main engine [1]. The process of selecting an
appropriate propeller holds paramount importance, hinging upon the stern hull configuration, directly
influencing ship velocity, and ensuring sustained propeller performance throughout the vessel's
operational lifespan. The choice of propeller also exerts a significant impact on the operational
parameters of the engine, encompassing speed, power output, and fuel consumption [2]. These factors,
in turn, play a pivotal role in shaping the ship's energy efficiency index, with the ultimate goal of
reducing carbon dioxide (CO2) emissions. This index may manifest as the energy efficiency design index
(EEDI) for new ships or the energy efficiency existing ship index (EEXI) for vessels in current operation,
as defined in [3].

The primary thrust mechanism employed in ships is the controllable pitch propeller, which can
dynamically alter both the thrust force and direction by adjusting the pitch of its blades. This adjustment
allows for precise control of the vessel's speed and facilitates smooth transitions between forward and
reverse motion. In contrast to fixed pitch propellers, controllable pitch propellers offer superior
maneuverability and energy efficiency, making them the preferred choice for a wide range of maritime
applications [4]. According to Wartsila, a prominent global manufacturer, "Approximately 20,000
vessels worldwide operate using Controllable Pitch Propellers (CPP) [5].
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Methodology
Controllable Pitch Propeller Main Dimensions
The main dimensions of CPP are the hub diameter, the propeller diameter, and the number of blades.

Table 5. Main Dimensions

Hub Diameter 600-2200 mm
Number of Blades 4-5
Propeller Diameter >1200 mm

General & Specific Requirements
Table 6. General Requirement

Strength Flexural resistance &
Torsion resistance (rotating
blades)

Corrosion Corrosion to sea water

Resistance

Fluid Sealing to high pressure

Sealing water

Table 7. Specific Requirement

Component Specific Requirements &
Environment
1.Blade Flexural, Cavitation, Corrosion
resistance
Beam in bending, high corrosive
1.Hub Corrosion Resistance

Beam in bending, high corrosive
1.Camdisc Corrosion Resistance
Beam in bending, high corrosive

2.Piston High-pressure resistance

Cam Beam in Bending, low corrosive

3.Supporting | High-pressure resistance

disc Compressed gasket, low
corrosive

4.Cover High pressure yielding resistance
Column in compression, high
corrosive

5.Stop High pressure yielding resistance
Column in compression, low
corrosive

6.Seal Sealing to high pressure,

Corrosion resistance
Compressed Seal, high corrosive

The specified criteria give rise to 6 distinct categories. These proposed groups serve the purpose of
delineating particular material attributes that can be visualized and sorted using Ansys Granta. This
enables the compilation of a roster of materials best suited for the intended application. Moreover, this
initial list will undergo further refinement, considering factors related to processability to facilitate the
selection of appropriate manufacturing methods. Ultimately, the decision for the definitive material for
each component within the group will also be influenced by its cost per kilogram.

Materials Selection (Ashby Method)
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Ansys Granta EduPack will be used to conduct materials selection as it has used in various studies earlier
with effective use [6]. This tool follows the rational materials selection methodology by Ashby et al. [7],
illustrated schematically in the diagram below. Ashby's method[8] for material selection is well-suited
for use in optimization with many design variables, because of its simplicity [9].

Prof. Ashby at Cambridge University developed the Ashby method using CES software to create
material property charts [10]. These charts, known as Ashby charts, use logarithmic scales to graphically
represent two material properties, aiding in material selection for engineering applications. This
approach serves as an efficient initial screening method for candidate materials and integrates seamlessly
with mechanical design for quick performance evaluation [11]. The materials and suppliers for the 6

All materials

Breakdown design requirements into:

Function — What does the component do?
Constraints — What essential conditions must be met?
Objectives — What is to be maximized or minimized?

Screen on constraints - ‘Go/'no-go’ criteria (usually many)
Rank on objectives — Ordering of materials that ‘go’

Top candidate materials

Figure 16. Systematic Materials Selection Methodology[6]

different groups are selected and given below.

Table 8. Materials Selection & Suppliers

Group Materials & Suppliers (to EU
Fr)

1.Blade Brass, C86550

Supplier:Shree Extrusions,India
1.Hub Brass, C86550

Supplier:Shree Extrusions,India
1.Camdisc Brass, C86550

Supplier:Shree Extrusions,India
2.Piston ASTM CE30,cast,H.0O quenched

Supplier:Magsen Foundry,China
2. Cam ASTM CE30,cast,H,Oquenched

Supplier:Magsen Foundry,China

3.Supporting
disc

ASTM CE30,cast,H,Oquenched
Supplier:Magsen Foundry,China

4.Cover Brass, CuZn40Mn3Al2Fe2
Suppliers:Shree Extrusions,India

5.Stop ASTM CE30,cast,H20quenched
Supplier:Magsen Foundry,China

6.Seal Natural cisl, 4 polyisoprene NR

Supplier:Sinochem, China

Technical Drawings, Manufacturing Processes & Assembly

The technical drawings are an important step which communicate with manufacturing professionals’
exact dimensions. The 3D cad models are given below of the components followed by the detail

breakdown of all manufacturing processes.
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Seal

Piston

Figure 2. 3D CAD of Components
The manufacturing process route has defined for each part that is given below.

1. Cam

[ oncmiing | [ cNCFinishing | [ Anticorrosion Film |

0 00 O [~

| CNC Routing I I Dimensional Analysis}

2. Blade

Foam CNC Milling [ Casting Grinding | Dimensional Analysis Anticorrosion Film

000000000 -
A4

SandMouldCreation | | Root Milling Poishing | Balancing

3. Cam Disc

Foam CNC Millng_ | Casting Cylindrical Grinding Dimensional Analysis

000000 O

‘ Sand Mould Creation Turning Polishing Anticorrosion Film

4. Cover

Foam CNC Milling Casting | [ cvlindrical Grinding | [ imensional Analysis

0000006 O

Sand Mould Creation Turning Polishing [ anticarrasion Film

5. Hub

Foam CNC Millng | Casting ] Threading [ Polishing Anticorrosion film

0000000 O (-
-

sand Mould Greation | [ CNC Contouring Grinding Dimensional Analysis.
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6. Piston

7. Seal

Strips cutting

Extrusion

8. Stop

CNC Milling
CNC Drilling

9. Support Disc

Plasma cutting

CNC Turning

CNC Threading

CNC Drilling

Compression molding Curing

Seal

Excess cutting Dimensional Analysis

sional Analysis

CNC Finishing Anticorrosion Film

CNC Grinding Anticorrosion

Support
disc

CNC Threading Dimensional Analysis

In the assembly process, the cam slides into the piston and is followed by the attachment of stops. Thread
locking is applied to secure the stops. The piston is then assembled into the hub, and the cover is inserted
and fastened with thread locking. Seals are positioned on the hub, and precise alignment of the cam disc
is ensured. Support discs are added and secured with thread locking, followed by the attachment of
blades to the cam disc, also using thread locking. The final step involves dynamic balancing to ensure

optimal performance.

Table 5. Equipment Cost & Supplier

Manufacturing
Processes

Equipment’s Cost & Supplier

Casting

110000€, Induction Furnace-
Dinhong electric

CNC Milling

130000€, CNC Milling,
Haas.inc

CNC Turning

132000€, CNC Lathe,
Haas.inc

Compression
Moulding

45000€, Yizumi YL-V1000,
Yizumi Co.

Anti-Corrosion
electropainting

2000€, Electropainting
machine, HCPC Equipment
Co.

Eco-Audit Analysis

To conduct a carbon footprint analysis of materials and packaging, the "eco-audit" method introduced
by Ashby was employed, using the Ansys Granta EduPack® software [12][13]. This approach facilitated
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the quantification of Greenhouse Gas Emissions (GHE) across various phases, including material
production, product manufacturing, transportation, and end-of-life disposal. Emission factors were
applied by multiplying them with the average quantity of materials gathered per functional unit. Ansys
Granta analysis is given below:

Materials Energy Consumption- CO2-Footprint
Table 6. Materials Energy Consumption- CO2-Footprint

Recycled Part Total mass coz2
Component Material content” | mass | Oty. | processed™ E(m" ',, % footprint %
L3 ka) (k) fkq)
Brass, CuZnd0Mn3ARFe2,
Hub C86550, cast (high-tensie Virgin (0%) | 1.3e+04| 1 1.4e+04 Te+05 430 | 48e+04 | 426
manganese bronze)
Stainless steel, austenitic,
Piston ASTM CE-30, cast, water Virgin (0%) | 37e+03| 1 89e+03 35e+05 214 25e+04 21
guenched
Stainless steel, austentic,
Cam ASTM CE-30, cast, water Virgin (0%) 2 B 4 1e+02 1.6e+04 1.0 1,1e+03 10
Stanless steel, austentic,
Support disc ASTM CE-30, cast, water Virgin (0%) 443 4 5. 1e+02 1,.8e+04 1.1 1.3e+03 1.1
guenched
Seal Natural rubber (unrenforced) | Virgn (0%) 5 K 23 1.8e+03 0.1 e 0.0
Brass, CuZnd0Mn3ARFe2
(Cam disc C86550, cast (high-tenside Virgn (0%) | 22e+02| 4 1e+03 49404 30 34403 30
manganese bronZe)
Stanless steel, austentic,
Stop ASTM CE-30, cast, water Virgin (0%) 40 B 28e+02 1.3e+04 08 9,3e+02 08
guenched
Brass, CuZnd0Mn3ARFe2
Blade C86550, cast (lugh-tensde Virgn (0%) | 15e+03]| 4 6.6e+03 3.3e+05 200 220404 198
I90ganese bronze)
Brass, CuZn40Mn3ARFe2
Cover C86550, cast (high-tensie Virgin (0%) | 28e+03| 1 32e+03 1,6e+05 96 1.1e+04 95
manganese bronze)
Total 27 3.50+04 1.60+06 100 1.1e+05 100

Manufacturing processes & Assemblies Energy Consumption & CO2-Footprint

Table 9. Manufacturing processes & Assemblies Energy Consumption & CO2-Footprint

Component Process %% Removed Amount processed w % '05‘:;:-""* %
Hub Casting - 1.4e+04 kg 1,2e+05 307 9,3e+03 310
Hub Fine machining 12 1,7e+03 kg 6,1e+03 15 46402 15
Piston Castng - 89e+03 kg le+05 254 7.7e+03 256
Piston Fine machining 58 5.2e+03 kg 326404 79 246403 80
Cam Casting - 4,1e+02 kg 4,7e+03 12 3 5e+02 12
Cam Grinding 59 2 4e+02 kg 2,9e+03 07 21e+02 07
Support disc Castng - 5,10+02 kg 5 8e+03 14 4,4e+02 15
Support disc Grinding 66 3.3e402 kg 3,9e+03 1,0 Je+02 1.0
Seal Palymer molding - 2 kg 3,7e+02 01 2 0,1
Seal Cuting and trimmng 12 2.7 kg 0,82 0,0 0,063 00
Cam disc Casting - 1e+03 kg B,7e+03 22 65402 22
Cam disc Fine machining 12 1.2e+02 kg 4 3e+02 01 2 0.1
Stop Casting - 28e+02 kg 32e+03 0.8 2 4e+02 038
Stop Fine machining 42 1.2e+02 kg 7. 1e+02 0.2 53 02
Blade Casting - 6,6e+03 kg 5,Te+04 143 430403 144
Blade Grinding 12 7.9e+02 kg 5,3e+03 13 3,9e+02 13
Cover Casting - 320403 kg 2,8e404 69 216403 6.9
Cover Fine machining 12 3Be+02 kg 1.4e+03 03 Te+02 03
Positioning Construction - 2.7e+04 kg 2.7e+03 07 20+02 07
Fastening Fasteners, large - 61 43 0.0 032 00
Anti-corrosion coating Electroplaiing - 1.3e+02 m*2 1,2e+04 29 6,2e+02 21
Anti-fouling coating Panting - 1.3e+02 m*2 1,6e+03 04 1,3e+02 04
Total de+05 100 3e+04 100
Overall Analysis
Table 10. Overall Energy Consumption & CO»-Footprint
Phase Energy Energy €02 footprint | CO2 footprint Cost Cost
(MJ) (%) (kg) (%) (EUR) (%)
Material 1,64e+06 78.3 1,12e+05 77.0 1,50e+05 85,5
Manufacture 4,01e+05 19,2 2,99e+04 20,5 2,32e+04 12,5
Transport 3,78e+04 1,8 2,72e+03 1,9 3,43e+03 1,85
Use 0 0,0 0 0.0 0 0
Disposal 1,34e+04 0,6 937 0.6 144 0,0779
Total (for first life) 2,09e+06 100 1,46e+05 100 1,85e+05 100
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Results & Conclusion

The analysis conducted using Ansys Granta Edupack (specifically the Eco-audit module) software
package [14] provides a holistic view of a product's sustainability, considering energy use, ecological
footprint, and financial implications. It reveals that 75% of the total CO> footprint (1.4 x 105 Kg) is
attributed to raw material extraction, emphasizing the crucial role of material selection and management
in environmental impact.

To enhance sustainability and reduce CO> footprint, strategies like recycling (which can cut emissions
by 30%), adopting sustainable manufacturing techniques, and exploring eco-friendly materials can be
implemented. Addressing the material aspect of sustainability allows businesses to take significant steps
toward a greener future. Furthermore, this Cost, Energy, Environment (CEE) analysis can extend to
evaluate the product's end-of-life potential (EoL).
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Abstract

In this study, molybdenum disulfide (MoSz) nanostructures were experimentally synthesized on Silicon
and Saphire Substrates. Some of the prepared samples were annealed at 900°C under argon gas in the
chemical vapor deposition (CVD) furnace and others in the atmospheric oven for 60 min. The
sulfurization of the Mo films was carried out at the Ar pressure of 3.4 mbar in a two-zone diffusion
furnace by heating of 0.5 g sulfur powder to 250 °C in the first zone and by heating the precursor films
to 900 °C in the second zone of the furnace. The heating rates of S and Mo precursor film zones were
~10 °C/min and ~20 °C/min, respectively. After preparing the samples, the samples were characterized
by XRD, SEM, AFM, and Raman Spectroscopy. Both films exhibited uniform morphology with a
polycrystalline structure as seen in top view SEM images.

Keywords: MoS;, CVD, 2D Materials
Introduction

Two-dimensional materials such as MoSz, MoSez, ReSz, and WSe; have a crucial role in the
manufacturing and performance of electron and optoelectronics devices. 2D-Materials Structured are
based on layered materials. Van der Waals (vdWs) heterostructures composed of layered 2D materials
got the attention of the researchers due to their excellent properties like smooth heterostructure interface,
ultrafast carrier transport, and highly gate-tunable bandgap [1,2]. TMDCs exhibit the same structural
properties but most of the properties like bandgap, thermoelectric conversion, and light-matter
interaction are different. The stacked layers depict the difference in the photovoltaic properties, thermal
transmission, elasticity, catalysis, etc. Like Graphene, TMDs are also layered materials with vdWs forces
between their layers. Generally, MX2 (X = S, Se, Te; M = Mo, W, Ta, etc.) is used to represent the
typical formula of monolayer TMDs [3]. The assembling process of these crystal structures resulted in
two different crystal structures, including an octahedral (1T) phase with metallic behavior and the other
with trigonal prismatic (2H) phase to the P63/mmcc space group [4,5]. For WS> and MoS;, the lattice
constants of the WS; crystal are 0.315 and 0.312 nm, respectively. Comparing the 2H-MoS; and the 2H-
WS, the 1T-MoS; and 1T-WS; phases exhibit higher conductivity, hydrophilicity, and a larger layer
gap. However, the 2H phase is dominant and has good stability. The 1T phase is characterized by
thermodynamic instability and will convert to the 2H phase even at room temperature [6]. TMDs can be
easily exfoliated to single layers and be stacked to vdWs heterostructures on anticipated demand, which
provides a thrilling prospect. The properties of MoS., similarly to those of other 2D materials, depend
mainly on the vertical thickness of MoS: rather than its lateral size. The most important difference with
respect to graphene is that 2D MoS> shows a direct bandgap of about 1.8 eV, making it an ideal candidate
for applications in electronics, photonics, photovoltaics, energy storage, and catalysis. FETs with
mobility up to 320 cm2 V —1 s —1 and on/off ratio of 108 at room temperature were realized [7,8], as
well as inverters with gain up to 16. Several kinds of phototransistors, photosensors, and gas and
biological sensors were demonstrated, and the mechanical properties of MoS, were exploited in the
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realization of strain sensors [9]. to the continued evolution of additive manufacturing as a transformative
force in modern industry. There are various methods which have been used to synthesize these materials
but one of the most effective methods is CVD regarding the large area growth of crystals.

In this article. The MoS; thin films have been synthesized by a two-step CVD approach. The first step
is the deposition of Mo precursor films on sapphire and SiO2/Si substrates by the DC magnetron
sputtering technique. The sulphurization of Mo films at high temperature by using Ar atmosphere in a
CVD furnace with solid phase precursor. Various characterization like Xrd, AFM, SEM, and Raman
spectroscopy has been done.

Materials and methods

In the standard horizontal configuration, a quartz tube about 1 m long with a diameter of 2-5 cm is used.
The heating is provided by a resistance placed around the tube. The reaction for MoS: deposition requires
a temperature in the 600-800 -C range, but in some cases, the supply of sulfur requires a second heating
zone in the 100-200 °C range. In this case, to obtain better reproducibility and control, it is more
convenient to separately and independently heat this additional zone (Figure 1.(a)) in which the sulfur
precursor is placed. A standard routine to minimize the contamination from external air and O in the
reaction tube is to purge the system with inert gas several times before starting the growth, eventually
evacuating the tube with a rotary pump, and then flushing with purified Ar or N2 up to ambient pressure,
repeating this procedure several times. X-ray diffraction (XRD) patterns of MoS; films were obtained
by a APD 2000 PRO X-ray diffractometer in the 20 range of 20 — 90 deg using CuKoa radiation (A =
1.54052 A).

|

n
8

WHRR TR

Figure 1. (a) schematic representation of the experimental set-up of MoS,. The RF sputtering technique
was used to prepare sputtered MoS; layer. To enhance crystalline quality post depostion annealing
treatment was performed as sputtered MoS, under Ar and sulphur environment. Optical images of MoS;
films has been grown on SiO2/Si Substrate b) MoS; Sputtered for 1 mint ¢) MoS; sputtered for 3 min d)
MoS: spuutered for 5 min.

Results and discussions

Fig. 2 shows the XRD patterns of MoS; films grown on sapphire and SiO/Si substrates. The MoS; film
grown on a sapphire substrate showed three sharp diffraction peaks at 14.39 deg, 32.81 deg, and 58.78
deg corresponding to (002), (100), and (110) planes of MoS2, respectively. The films fabricated on
SiO>/Si substrates showed two diffraction peaks at 32.81 deg and 58.45 deg corresponding to (100) and
(110) planes of MoS, respectively (JPDS Card 37-1492). In addition, two more peaks were observed at
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41.70 deg and 69.16 deg which correspond to the reflection from (113) and (400) planes of sapphire and
SiO»/Si substrates, respectively. Some XRD parameters and calculated lattice constants of MoS; films
were collected in Table 1.

Table 1. Structural parameters calculated from XRD

20 FWHM a ¢ SLEl
hkl Size

© © A A&

(nm)

Sapphire 002 1439 068 - 1230 2042
100 3281 037 315 - 39.08

Sioy/Ssi 100 3281 019  3.15 - 74.62
110 5845 038 326 - 40.86

Sapphire

Mo, (100)
Sapphire (113)

rh.
MaoS, (002)

MaS, (110)

0 50 [ 70 3
20 (Degree) 20 (Degree)

0 20 EL)

Figure 2. XRD results of MoS2 grown on Sapphire and Silicon substrate

Raman spectra of the MoS; thin films for these substrates have been exhibited in the figure which shows
the characteristics Ezqg, E'2g and A1y Raman modes of MoS; hexagonal phase at around 288 cm™ ,383
cm-1 and 409 cm-1, respectively. In addition, two peaks located at around 453 cm™ and 466 cm™ were
attributed to 2LA (M) and Az, modes.°

Sapphire

—Si0/si

287

Intensity (arb.u.)

o H i H
200 250 300 350 400 450 S00
Raman Shift (cm?)

Figure 3. Raman Spectra of MoSz grown on Sapphire and Sillicon
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Table 2.

2LA Aw=

EZQ Elzg Alg Az W(Alg)' Ref.
M
(b4 w(E2g)

Our

287 383 409 453 466 26
samples

Frey
GL et
Bulk- al.,
MoS2 - 382 407 465 - 25 Pys.
Rew.

1993

Frey
GL et
Platelet- al.,
MoS» - 381 408 455 - 27 Pys.
Rew.

1993

Li H.
etal.

1 layer- Adv.
MoS» - 3843 403 - - 18.7 Func.

Mat.
2012

The surface tpography of the films was investigated by AFM analysis. Fig shows 2D AFM and
corresponding 2D grain boundaries images of the MoS; films. AFM measurements depict the high RMS
roughness values of 27.04 nm and 19.02 nm for the films grown on sapphire and SiO2/Si substrates
respectively. The film grown on the SiO/Si substrate has less amount of grain boundaries with a larger
grain size compared to the film grown on sapphire.

Figure 4. AFM images and 2D grain boundary images (10x10 um?) of MoS; films grown on sapphire
(a) and SiO2/Si (b) substrates.
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AFM measurements exhibited high RMS roughness values of 27.03 nm and 19.02 nm for the films
grown on sapphire and SiO2/Si substrates, respectively.

Conclusions and future work

MoS: films were grown by sulfurization of the precursor films at 900 °C in a two-zone CVD furnace.
The results from XRD and Raman spectroscopy analysis depicted that the polycrystalline MoS; films
were successfully grown on both substrates. They got nonstoichiometric as compared to MoS1 .75 and
MoS1 g0, respectively. The RMS roughness of the films on sapphire and SiO2/Si substrates was found to
be 27.04 nm and 19.03 nm, respectively. SEM results show the MoS; films have a uniform surface
morphology and it has a packed columnar structure having no voids. The value of Eq of the film material
on the sapphire substrate was calculated to be 1.58 eV by using a UV-Vis transmittance spectra graph.
Experimentally both the films grown on sapphire and SiO>/Si substrates resulted the p-type conductivity
with hole mobility of 150 cm?/V's and 1.24 cm?/V's, respectively. Fabricated MoS> diodes have a good
response under illumination. The resistivity of MoS> films was decreased under exposure to the gas.
These results demonstrated that the fabricated films could be used in electro-optical devices as active
materials.
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Abstract

Additive Manufacturing (AM) has emerged as a transformative technology in the realm of modern
manufacturing. Its ability to fabricate complex structures and customize components has revolutionized
various industries, including aerospace, automotive, and healthcare. However, the realization of the full
potential of AM hinges on our ability to optimize the process parameters that govern its outcomes. This
comprehensive research study embarks on a journey to explore the intricate relationship between layer-
wise process parameters, porosity, microstructure, and mechanical properties in AM.

The primary goal of this study is to shed light on how variations in process parameters during the AM
can significantly influence the quality, integrity, and performance of the final parts. We delve into the
effects of specific parameters such as laser power, scan speed, and layer thickness on the resulting
porosity, microstructure, and mechanical characteristics. Through an array of meticulously designed
experiments and advanced characterization techniques, we seek to provide a nuanced understanding of
these phenomena and establish a foundation for the optimization of AM processes. While this initial
phase of our study has provided valuable insights into the defect profiles within the specimen using
different process parameters, our research is far from complete. Moving forward, the focus will shift
towards further characterizations and in-depth analyses.

Keywords: additive manufacturing, vibration analysis, process parameters, optimization.
Introduction

Additive Manufacturing (AM), often colloquially referred to as 3D printing, has emerged as a
transformative and disruptive technology in the landscape of modern manufacturing [1]. Unlike
traditional subtractive manufacturing methods that rely on the removal of material to achieve the desired
shape, AM is a groundbreaking additive process. It builds intricate and complex structures layer by layer,
offering unparalleled design freedom and customization capabilities [2]. This inherent flexibility, along
with reduced material waste and accelerated production cycles, has propelled AM into the forefront of
various industries, including aerospace, automotive, healthcare, and beyond.

In this era of innovation and technological advancement, AM has assumed a pivotal role in reshaping
the way products are conceived, designed, and fabricated [3][4]. Its applications span from rapid
prototyping and tooling to the production of highly specialized components with intricate geometries
that would be challenging, if not impossible, to achieve through conventional manufacturing techniques.
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AM has not only opened the door to new horizons in product development but has also introduced
unprecedented opportunities for supply chain optimization, inventory management, and cost-effective
production, further solidifying its position as a game-changer in the manufacturing landscape [5].

Central to the realization of the full potential of AM is the critical role played by the myriad of process
parameters that govern the intricacies of the printing process. These parameters, which include laser
power, scan speed, layer thickness, powder feed rate, and many others, are not merely variables; they
are the conduits through which creativity is materialized into reality. They are the dials and levers that
orchestrate the precise deposition and fusion of materials, thus dictating the ultimate form, quality, and
functionality of the printed objects. However, the elegance and complexity of AM are juxtaposed with
the challenges of process optimization [6]. For every degree of design freedom that AM offers, it
demands an equivalent degree of expertise in process control and parameter optimization [7]. The
successful implementation of AM requires a nuanced understanding of how these parameters interact,
and how even subtle adjustments can lead to profound variations in the final product.

Few studies are available in the literature which have used similar ideas and correlate process parameter
effect on porosity, microstructure, and mechanical properties. In a study by Wang et al., the authors
studied the effect of process parameter (laser power, scanning speed) on porosity, microstructure, and
mechanical properties [6]. The combination of parameters varied from bottom to top of the bar, with
each combination repeating every eight layers. The hatch distance and layer thickness were set as
constants at 100 um and 20 pm, respectively. The process parameters varied cyclically, where the laser
power (P) increased stepwise from 100 W to 210 W in twelve levels, and the scanning speed (V)
fluctuated between 500 mm/s and 2000 mm/s in sixteen levels. In terms of porosity, the pore distribution
varied along the z-axis, with six pore zones corresponding to the six low energy-input sets

Overall, with the increase of scanning speed or the decrease of laser power, the porosity fractions
increase. In the porous zones, the melt pools are flat, thin, narrow and irregular, and their stacking is in
disorder. In the middle, the melt pools are bigger, of regular bowl shape, and stacked in good order. The
highly organized stack of melt pools from layer-to- layer exhibited stripes along the building direction.
When the laser power is higher than 140 W and the scanning speed was slower than 1200 mm/s, it is the
best zone with almost no porosity.

In another study by Xiang et al., varying scanning speed in the range of 500 mm/s to 1900 mm/s, and
laser power in the range of 100 W to 200 W, were used from layer to layer in a cycle of 56 layers in a
single. Similarly, high energy density led to sound regions with larger, orderly stacked melt pools and
columnar grains. [8] While low energy density resulted in porous regions with smaller, mismatched melt
pools, un-melted powder, and equiaxed grains with finer dendrites.

As such, the central objective of this comprehensive research study is to delve deep into this intricate
and multifaceted relationship between layer-wise process parameters, porosity, microstructure, and
mechanical properties in AM. It seeks to unravel the mysteries hidden within the layers of printed
material, deciphering how variations in process parameters yield distinct outcomes. By doing so, we aim
to not only advance the theoretical foundations of AM but also provide concrete insights that can be
applied practically to optimize AM processes for a wide range of industrial applications.

The significance of this study extends beyond the confines of academia. It has direct implications for
industries striving to harness the full potential of AM while maintaining rigorous standards of quality
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and reliability. The knowledge gained here is poised to empower engineers, designers, and
manufacturers to make informed decisions about process parameter selection, enabling them to unlock
new possibilities in product development, and ultimately contributing to the continued evolution of
additive manufacturing as a transformative force in modern industry.

Materials and methods

In the initial phase of this study, 10 tensile specimens and small cube samples were produced from
AlSi10Mg powders using EOS Concept laser SLM machine. Random process parameters were selected
for a single specimen as shown below in Table and Figure 1. These samples were manufactured under
varying layer-wise process parameters to investigate the impact on the final part quality. Micro CT scans
were conducted on one sample using ZEISS XRadia 510 Versa system. To examine internal porosity,
revealing unexpected results. To further understand the phenomena, additional experiments and analyses
will be carried out, including:

X-Ray Diffraction (XRD): XRD will be employed to investigate the crystalline structure and phase
composition of the AM materials.

Electron Backscatter Diffraction (EBSD): EBSD will be used to characterize the microstructure and
crystallography of the AM components, providing insights into grain boundaries and orientation.

Micro CT Scans: Micro CT scans will be performed on the remaining samples to assess porosity, void
distribution, and defects in detail.

Fatigue and Vibration Testing: Fatigue tests will be conducted to evaluate the endurance of AM parts
under cyclic loading conditions.

Tensile and Compression Testing: Mechanical properties, such as tensile strength and compressive
strength, will be measured to understand the impact of process parameters on structural integrity.

Build Direction

One cycle

|

X

Laser Power (W)
Laser Spot Diameter (um)
Scanning Velocity (m/s)

Figure 1. Graphical overview of 10 different. process parameters in a single specimen
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Table 1: Process parameters used in the study and their corresponding volume defects

No. | Laser | Spot | Scanning | Max
Power | Dia | velocity | defect
(W) (um) | (m/s) Volume
(mm?
1 75 140 | 0.6 0.1354
2 225 140 |14 0.0073
3 275 140 | 0.6 0.0815
4 350 140 |11 0.0013
5 400 140 | 0.8 6.8117
6 110 150 [ 0.8 0.0021
7 110 120 |11 -
8 110 100 | 0.6 0.0255
9 110 75 1.1 0.0075
10 | 110 50 14 0.0056

Random Process Parameter Sequences:

1. 3,4,5,10,8,1,2,6,9,7
2. 4,51,89,6,7,2 3,10
3. 4,5,7,6,9,10,8,1,2,3
4, 5,7,810,6,1,2,3,4,9
5. 7,893 4,1,2,6,5,10
6. 10,1,3,6,9,2,4,5,7,8
7. 9,3,6,7,2,4,10,1,8,5
8. 3,51,2,4,6,10,8,9,7
9. 9,1,2,3,4,5,7.8,6,10
10. 7,2,10,4,5,1,8,9, 6,3

Figure 2. Random process parameter selection for the study.
Results and discussions

We have performed XCT of each individual layer to study the effect of using different process
parameters in each layer. In our ongoing research, we have undertaken an extensive examination of the
impact of varying process parameters within each individual layer of our components using XCT. Just
for now, only one sample has been examined and the rest will be done in due time. This analysis has
allowed us to gain valuable insights into the presence, characteristics, and distribution of defects within
each layer, as well as at the interfaces between them.

One of the key findings from our investigation is highlighted in the table provided, which illustrates the
maximum defect volume detected in each layer. This data serves as a crucial reference point for assessing
the quality and integrity of our layered components under different manufacturing conditions. By
quantifying the defect diameter, volume, and density in each layer and at the interfaces and the
corresponding energy density, a comprehensive understanding of how process parameters impact the
structural properties of our components.

While this initial phase of our study has provided valuable insights into the defect profiles within our
components, our research is far from complete. Moving forward, the focus will shift towards further
characterizations and in-depth analyses. Specifically, it is aimed to establish correlations between the
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observed defects and the mechanical response of these components. This future work will not only
enhance our understanding of the relationship between process parameters, microstructure and
component quality but also contribute to the development of optimized manufacturing processes and
materials.

Conclusions and future work

This research study provides a comprehensive understanding of the impact of layer-wise process
parameters on AM-produced parts. We anticipate several key findings based on preliminary data and
existing literature:

A direct correlation between specific process parameter variations and the presence of porosity within
the AM parts is expected to observed. Microstructural analysis is likely to reveal variations in grain
structure, crystallography, and defect density.

Variations in process parameters are expected to significantly affect the mechanical properties, fatigue
and vibration performance of AM parts, including tensile strength, compressive strength, and fatigue
resistance. We anticipate that certain parameter combinations will lead to improved mechanical
performance, while others may result in reduced strength and durability.

Through a comprehensive analysis of the data, we aim to provide insights into the optimization of AM
processes for specific applications. By identifying parameter sets that yield desired porosity levels,
microstructures, and mechanical properties, we aim to contribute to the development of tailored AM
processes for various industrial needs.

In conclusion, this study will acta as a starting point for finding intricate relationship between layer-wise
process parameters, porosity, microstructure, and mechanical properties in AM in a single specimen.

After the first batch of experiments, we can then print any mechanical metamaterial-based lattice
structure on the optimized set of parameters obtained

Also, using the same random parameters to study the effect of each set of parameters on metamaterial
behavior (mechanical, fatigue etc.). We can then correlate the temperature profile with porosity and
microstructure and understand the relation between them and can design the process for specific
application requirements.
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Abstract

Al-Si alloys find extensive use in numerous applications due to their exceptional castability, corrosion
resistance, and mechanical properties. The presence of large silicon particles limits the corrosion
resistance of these alloys. Additive Manufacturing (AM) methods offer a promising solution to tackle
these challenges. While there has been substantial research on the mechanical properties of samples
produced through additive manufacturing (AM), the aspect of corrosion resistance has received
comparatively less attention. This research aims to evaluate the impact of variations in the selective laser
melting (SLM) process parameters on the microstructure of the SLM-AISi10Mg alloy and, consequently,
its electrochemical stability. Three sets of SLM-AISi10Mg specimens were produced, each employing
distinct combinations of SLM process parameters. The printed components demonstrated a reduction in
surface roughness and porosity defects attributed to the optimized process parameter adjustments. The
sample with the fastest cooling rate during solidification exhibited superior corrosion resistance and
excellent stability of the passive film in a 3.5 wt. % NaCl electrolyte, which can be related to the finer
Al-Si eutectic structure.

Keywords: Additive manufacturing, AlSi10Mg, Corrosion, powder bed fusion, microstructure
Introduction

Aluminum (Al) alloys containing silicon (Si) are widely employed due to their exceptional casting
properties, minimal shrinkage, and relatively low melting point. Among these Si-containing alloys,
AlSi10Mg stands out and finds extensive applications across various industries, including automotive,
aerospace, and residential sectors. This popularity can be attributed to the alloy’s advantageous
characteristics, including its high specific strength, impressive mechanical properties (such as
castability, weldability, hardenability, and corrosion resistance), and exceptional heat conductivity. The
microstructure of the AISi10Mg alloy, a multiphase material, comprises several key elements, including
the a-Al phase, eutectic Si particles, and secondary phases like Mg2Si, commonly known as the 3-phase
[1]. Because of its nearly eutectic composition, this alloy has a lower melting point (ranging from 555-
600°C) than pure aluminum (660°C), enabling rapid solidification of all its constituent phases. Previous
research indicates that achieving fast solidification with a cooling rate of up to 106 °C/s is a viable
strategy for refining microstructure and achieving a uniform distribution of eutectic Si particles [2].
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Nevertheless, the widespread utilization of Al-Si-Mg alloys has been hindered in more challenging
conditions due to the time-consuming fabrication processes and the resulting microstructure of the alloy
in its original state. These conventional manufacturing techniques, including casting, forging, and
powder metallurgy, have imposed significant limitations on the rapid implementation of such alloys.

In recent decades, an increasing focus has been on engineering components characterized by complex
designs and enhanced mechanical and electrochemical properties. These components are specifically
designed to withstand extreme environmental conditions. Consequently, developing and using novel
manufacturing processes have become imperative to meet these demands. Metal-based additive
manufacturing is an emerging and dynamic fabrication technology that addresses the current limitations
and shortcomings in design and manufacturing. It provides a flexible approach to creating complex
components with enhanced performance and capabilities. Se- selective laser melting (SLM) is an
additive manufacturing technique with notable benefits, including cost-effective production, the ability
to fabricate intricate geometries with little material wastage, and reduced time to market when compared
to conventional manufacturing methods. While SLM technology offers significant benefits to the
manufacturing industry, it is essential to recognize that it is not a flawless fabrication method, much like
other production processes. Specifically, when using this method with the AISi1l0Mg alloy, various
defects can manifest due to high laser power, rapid scanning rates, and challenges during the
solidification process, such as balling defects. These imperfections commonly result in inconsistent
microstructures, a notable presence of porosity, defects in the solidification microstructure, residual
stresses within the printed component, and surface roughness after printing. The presence of defects
stemming from the manufacturing process can adversely impact both the corrosion performance and
mechanical properties of the printed components. To address these imperfections and improve the
corrosion and mechanical properties of the com- ponents, various techniques have been employed. These
methods encompass post-heat treatments, the utilization of different feedstock metal powder sizes,
adjustments to SLM process parameters, and the implementation of post-printing surface treatments.
Zakay et al. [3] found that heat treatment positively impacted the stress corrosion endurance of
AlSi10Mg samples produced using SLM in Harrison solution. Slow strain rate testing revealed that
specimens subjected to heat treatment at temperatures ranging from 200°C to 300°C exhibited a longer
fatigue life than others. This enhancement in the mechanical properties can be attributed to the reduction
of residual stress and the formation of a fine Si network within the a -Al matrix, which are outcomes of
the rapid solidification process employed in SLM.

Table 1: Chemical composition of AISi10Mg powder

Element | Al C Cu Fe Mg Mn Ni O Pb Si Sn Ti Zn
% Bal. | <0.005 |<0.03 |0.13 [0.38 |<0.03 |<0.03 ]|0.114 |<0.03 |103 |<0.03 |<0.03 |<0.03

Modifying various SLM processing parameters, including laser power, hatching distance, and scanning
speed can significantly affect the density of internal defects, surface roughness, microstructure, and, in
turn, the corrosion behavior of the resulting SLMed-AISilOMg components. Rafieazad et al. [4]
systematically adjusted the printing process parameters while keeping surface roughness constant to
investigate the impact of microstructural changes on the corrosion behavior of the L- PBF-AISi10Mg
alloy. Additionally, they delved into the effect of dissolved oxygen in a naturally aerated 3.5 wt.% NaCl
solution on the corrosion of the L-PBF AISi10Mg alloy. The findings indicated that samples with the
fastest cooling rates during solidification exhibited a finer eutectic Si phase with more uniform granules.
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Remarkably, the sample with the quickest cooling rate during solidification demonstrated the highest
corrosion resistance among all the samples produced.

The objective of this work is to examine the impact of adjusting the SLM process parameters on the
corrosion characteristics of the SLM-AISilOMg alloy. Electrochemical measurements were used to
investigate the corrosion behavior of the AISi10Mg alloy in a 3.5 wt% sodium chloride (NaCl) solution.

Materials and Methods
Material and Manufacturing Process:

The AISi10Mg samples were fabricated using a Concept Laser- M2 CUSING type 3-D printer equipped
with a 400-watt laser, powered by a continuous wave Ipg Ylr 400 ac y14 ytterbium fiber laser emitting
at a wavelength of 1070 nanometers. The printer’s build chamber is maintained within a controlled
nitrogen environment, guaranteeing that the oxygen concentration does not surpass 0.4%.

Gas-atomized powders of the AlSi10Mg alloy, manufactured by Concept Laser, were employed in the
manufacturing process. The composition of the AISi10Mg alloy powder used in this study is provided
in Table 1.

Samples of SLM-AISi10Mg were divided into three groups, as detailed in Table 2, to investigate the
impact of altering the fabrication process parameters on the corrosion characteristics of the samples. To
minimize the influence of surface roughness, all specimens were subjected to grinding with abrasive
paper of 4000 grit, followed by polishing with colloidal alumina particles measuring 0.3 mm in size.
Additionally, before the commencement of the electrochemical experiments, all specimens underwent a
degreasing process using acetone.

Table 2: SLM process parameters

Laser Spot | Scanning
No. | -aser Power | o meter speed
(W) (um) (m/s)
ST 400 140 0.6
S2 100 140 0.8
S3 140 100 1.1

Electrochemical measurements

Corrosion assessments were conducted on the smooth, finished surfaces of the SLM-fabricated samples.
This was achieved using a three-electrode cell configuration with an IVIUM Com- pactStat Potentiostat
in accordance with the ASTM G5 standard for anodic polarization measurements. In this experiment, a
platinum rod served as the counter electrode (CE), while a saturated silver/silver chloride (Ag/AgCl)
electrode acted as the reference electrode (RE). The specimens were positioned within an epoxy sample
container, where a surface area of 0.196 cm2 was exposed and utilized as the working electrode. All
electrochemical experiments were carried out in a 3.5 wt% NaCl solution at a temperature of 25°C. To
ensure stability, open circuit potentials (OCP) were monitored for an hour before initiating the corrosion
tests. The OCP was employed for all anodic curve measurements, and a scanning rate of 0.125 mV/s
was utilized. To ensure the repeatability of the results, all electrochemical measurements in this study
were carried out multiple times, exceeding three repetitions.
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Results and Discussion

The main objective of this research is to evaluate the influence of three distinct sets of process factors
on corrosion behavior. It is well-recognized that surface roughness directly affects both corrosion
behavior and mechanical properties. In their study, Leon et al. [5] presented evidence supporting the
idea that the increased surface roughness observed in” as-built” samples reduced low-cycle corrosion
fatigue compared to bulk samples. Furthermore, elevated surface roughness has been shown to promote
pitting corrosion, a common form of corrosive attack in aluminum alloys produced through both forging
and additive manufacturing [6].

However, an alternate perspective suggests that” as-built” specimens may initially exhibit higher
corrosion distance compared to” bulk” conditions, possibly due to a thicker protective passive coating.
Nevertheless, during an immersion period, the behavior of the” bulk” condition specimens undergo a
complete transformation, displaying increased resistance compared to their initial state [7]. Therefore,
utilizing” as-built” samples as the end-use for the alloy is not the most optimal choice. As a result, the
samples underwent a polishing process in the current investigation.

2 AgClH

Sample |

Potential / Vo

Sample 2

Sample 3

Current Density / Acm*
Figure 1: Representative polarisation curves for different sets of manufacturing parameters

Figure 1 illustrates the potentiodynamic polarization curves employed for validating the electrochemical
processes for the samples immersed in a 3.5 wt% NaCl solution at ambient temperature. The results
indicate that the corrosion behavior of all samples is similar. The interplay between the anodic and
cathodic reactions determines the corrosion rate. Calculating the corrosion current densities involves
integrating the anodic and cathodic branches of the potentiodynamic polarization curves. The current
consensus in the field acknowledges that samples with lower corrosion current densities generally
demonstrate better corrosion resistance and a reduced corrosion rate [8]. Consequently, it’s apparent that
the sample with the fast-cooling rate during solidification exhibited good corrosion resistance and
stability of the passive film.

A conclusive resolution to this matter remains elusive. The existence of the passive range has been
reported in various scholarly publications, and it has been attributed to alterations in the microstructure
of dendrites, including changes in their shape and size distribution. These modifications ultimately
impact the Si network [9]. In the current context, it appears to be linked to the refinement of the grain
structure resulting from the optimization of process parameters and significant differences in porosity
elimination that have been observed across various parameter configurations (see Figure 2). This
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highlights the necessity of further research on the corrosion of materials produced using additive
manufacturing, taking into account all the factors that influence the fabrication of components, both in
terms of pre-processing and post-processing procedures.

Figure 2: Optical micrographs of manufactured samples [10].(Scale bar: 200(um))
Conclusions

This study delves into the influence of selective laser melting (SLM) process parameters on the
microstructure and corrosion characteristics of AISi10Mg components produced via SLM in a 3.5 wt. %
sodium chloride (NaCl) solution.

The presence of residual porosity holds a critical role in ensuring the optimal performance of these
components throughout their operational lifespan. It is evident that the processing conditions applied are
effective in reducing porosity, resulting in a noteworthy reduction in the corrosion rate.

Specimen fabricated with the lowest volumetric energy density, leading to the formation of detrimental
defects like pores and unbonded regions, displayed a notably low Ecorr. The observed decrease in the
Ecorr value of the optimally processed sample, which underwent a higher cooling/solidification rate, can
be linked to the diminished driving force for galvanic corrosion between the aluminum (Al) and silicon
(Si) phases. This decrease is attributed to the production of a finer Al-Si eutectic structure.
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Abstract

Additive Manufacturing enables intricate geometries without extensive post-processing. It is a layer-by-
layer buildup process in which the powder is melted by a powerful electron or laser beam. Ti6AI4V is
known for its higher stiffness-to-weight ratio and is used in several advanced applications. The same
alloy was manufactured using the Electron Beam Melting technique and was tested under quasi-static
and dynamic strain rates. Different heat treatment schemes were employed to find the desired mechanical
properties for energy absorption applications. The lattice samples were then printed with the same
process parameters and were heat-treated according to the above study. Results showed that annealed
samples had better ductility and energy absorption than untreated ones. This increase in strength was
attributed to the rise in the a/a’ and o+ boundaries. A novel method was used to figure out the brittle
and ductile constitutive equations of the Ti6AI4V alloy, and the experimental results were compared to
the numerical ones. A good correlation was found between both. The BCC lattice structure is known for
its extended plateau region and can be used in both quasi-static and dynamic conditions for protective
applications.

Keywords: constitutive equation, Ti6Al4V, heat treatment, energy absorption, body-centered cubic,
lattice structure

Introduction

The Powder bed fusion (PBF) process manufactures complex geometries with interconnected networks.
[1] In Additive manufacturing (AM), intense interaction of a high-powered laser/electron beam occurs,
melting the metallic powder particles that are solidified rapidly. This abrupt solidification results in a
sub-micron microstructure enriched with higher dislocation density [2]. This structure has higher yield
strength and lower ductility in most AM-produced alloys [3]. A metastable o’ martensitic phase is seen
in the Ti6AIl4V AM-produced alloys [4, 5], resulting in the effect mentioned previously. In most cases,
annealing treatment and sometimes aging are required to negate the adverse effects of the higher cooling
rates [6].

Conversely, un-melted powder particles, voids and different deformities form on the surface and act as
stress raisers in AM fabricated parts [7-10]. For this, the numerical results with perfect solid models
show higher strength than the experiments [11, 12]. A surface treatment is usually employed to smoothen
the rough surfaces of these alloys [13]. Other experimental defects, such as strut waviness, under-sizing
and thickness variations, can be seen in different studies and are somehow catered to by using different
processing parameters [14-16]. The constitutive equations obtained for an alloy produced at certain
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processing conditions and with or without a particular heat treatment are essential since they can help
visualize how the material will behave for a specific loading condition. Therefore, a designer must
correctly evaluate the material flow stress and damage constants. Especially at higher strain rates, the
material response changes and the flow stress, failure strain and strain rate parameters become essential
to predict and model the deformation and stress distributions correctly. [17]

Since previous methods to find the constitutive equations of a material are both time-consuming and
expensive, in our earlier research, we devised a novel way to get the desired material properties with less
direct effort. The mechanical testing of a defective strut directly under a compressive load was found to
help predict the material behaviour. [17]

This study uses the same approach to determine the ductile and brittle constitutive equations for heat-
treated and untreated samples. The in-depth microstructural analysis is included to select the reason for
the brittleness induced inside the as-built samples. A comparison between the a-lathe thickness for both
conditions is analyzed for the Ti6Al4V Electron beam melted (EBM) alloy. After evaluating the ductile
and brittle constitutive models, the heat treatments were employed in the EBM-produced Body Centered
Cubic (BCC) samples to assess the increase in ductility and the energy absorption of the alloy.

Theory / Experimental Set Up

The AP&C Grade 5 powders were melted in an ARCAM EBM machine to prepare cylindrical and 5x5
BCC lattice samples. The processing parameters used to print the samples can be seen in Table 1.

Table 1: Process parameters

Beam Current 15mA

Line Offset 0.2mm
Focus Offset 25mA
Manual Speed 4530 mm/sec
Grid Voltage 60000V

The as-built cylindrical (@12 mm x 75 mm) and lattice samples can be seen in Figures 1 (a) and (b),
respectively. The thickness of struts and face sheets of the lattice structure was 1 mm in diameter with a
10 mm unit cell.

Figure 1: @) Cylindrical Samples [17] and b) BCC lattice sample

The as-built and mechanically tested lattice Ti64 specimens were microstructurally analyzed using an
FEI Quanta 250 FEG SEM. A Kroll solution (3 ml HF + 6 ml HNO3 + 100 ml H20) was used to etch
the polished surfaces of mounted specimens. Half of the cylindrical samples were printed horizontally
in the build direction to evaluate the effect of microstructure on the loading axis of the specimen.
Furthermore, the cylindrical samples were used to manufacture notched samples required to evaluate
damage parameters, as shown in Figure 2.
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Figure 2: The standard and notched tensile test specimens used for quasi-static and high strain rate
loadings with different stress triaxialities: (a) 0.33, (b) 0.6, (c) 0.9 and (d) 1.2 and (e) the SHTB test
specimen with a stress triaxiality of 0.33 (Taken from [17])

Compression tests on the cylindrical samples and struts were performed according to the ASTME9-19.
The samples were compressed under a quasi-static strain rate (10-3 s-1) using a SHIMADZU AG-300
KN testing machine to determine the flow stress parameters. The high strain-rate impact tests, XRD
analysis and Vicker’s hardness tests are yet to be performed. Furthermore, the uCT will be used to build
a solid model with imperfect strut surface and the same model will be used in the numerical simulations
rather than a perfect solid model.

The heat treatment that is planned to be employed for our printed samples involves heating above 3
transus temperature and cooling at two different rates to compare and obtain a mix of higher Ultimate
tensile strength and ductility, as can be seen in Figure 3. [18]

P transus (995°C)
@ Chamber temperature (650°C)
s Ditusiona ®
3 Transformat
e a+B
3 Mixed  20°C
o microstructu
'

2 Diffusionle: a'+a+B
£ Transformati —
o '

a EBM
= 410°C/sec COOLING PATH

525°Cls
Time (sec)

1900°C — 650°C Chambe.r T (650°C) 650°C — Room T
« High cooling rate * Annealing stage « Slow cooling rate
 a’ martensite formation * a'—a+f transformation « a+f settling

Figure 3: Cooling path and critical cooling rates for Ti-6Al-4V microstructure formation in the EBM
process with a chamber temperature of 650°C [18]

Governing Equations / Numerical Model / Simulation / Methods / Use of Simulation Apps

115



A2M2C

The 5x5 lattices were compressed under a quasi-static load in the commercial software LSDYNA. The
top and bottom compression platens were modeled as rigid steel elements with the following properties:
E=210GPa, density= 7800kgm-3, and Poisson's ratio=0.33. The faces, sheets, and struts were created
with 8-node hexahedral brick components (Solid 164) and fully integrated S/R solids (0.35 mm). The
mesh sensitivity analysis was used to choose S/R solid elements. For the hourglass, the Flanagan-
Belytschko  stiffness form was employed. Contact with struts was defined as
SINGLE_SURFACE_CONTACT (Contact-1 in Figure 4), whereas contact with face sheets and
compressive platens was defined as SURFACE_TO_SURFACE_CONTACT (Contact-2 in Figure 5).
According to Figure 5, the model has three separate cell boundaries: the cell edge (where the 8-struts
meet), the cell surface edge (where the 4-struts meet), and the cell surface sheet corner (4-strut connect
with the face sheet). Mass scaling was applied to reduce the simulation time. The static and dynamic
friction coefficients in the models were taken as 0.3 and 0.2, respectively.

Figure 5: a) Facesheet with porosities and grinding marks b) Printed strut measurements c) Strut
surface irregularities d) Facesheet surface roughness

The microstructure of Ti64 consists of needle-like o' enriched with titanium. As shown in Figure 6, the
o' lathe thickness is shown in three different areas. The B-phase is also marked in Figure 6, which is in
small amounts. The main reason for the formation of o’ can be attributed to the rapid solidification of
the alloy after melting in the build chamber.

e thigkncss )
B 1184 uiniSQ

Figure 6: SEM image of the microstructure showing a+p and o' lathe thicknesses

The cross-section of the strut was also viewed to find the porosities and irregularities of the struts. The
sharp valleys formed due to the unmelted powder particles act as stress concentrators. Figure 7(b) shows
the voids formed due to the gas entrapment with spherical and elliptical shapes. Their sizes range from
Sum to 60pum. A lack of fusion defects is also seen near the surface of the strut.
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Figure 7: a) Cross-sectional view of the strut with porosities b) void formation and its size
Compression Behaviour

The lattice samples were compressed at 10-3s-1 until fracture. The initial peak stress shows the failure
initiation of the cells. A sudden drop is seen in the stress values since the load is now distributed towards
the other joints, such as the cell edges and cell face sheet edges. The lattice structure with 1mm strut dia
and face sheet thickness failed after stress of 2.1 MPa. Until 0.5 failure strain, both lattice experiments
show a good correlation. Whereas the flow stress parameters used from Table 2 from our previous study
don’t seem to work with this Ti64 lattice, urging a more detailed study into determining new parameters
for this material.

Experimental Stress 1 (MPa)
Experimental Stress 2 (MPa)
Numerical Stress (MPa)

Stress (MPa)

0 01 02 03 04 05 06 07 08
Strain

Figure 8: Quasi-static experimental and simulation results comparison

Table 2: Damage and flow stress parameters [17]

Flow stress o,(MPa) Eep

€q

Strut Values 800 D,=0.1,
+ 66320 | D,=0.142

Table 3 shows the comparison of the damage profile of the lattice structures as the tests proceed. Similar
deformation and failure characteristics known as 45° shear failure can be seen in both lattices, where the
initial buckling occurs at the bottom edges of the first unit cell followed by an inward series of collapse
of the struts. Previous researchers have also studied the nature of failure for a BCC lattice. [17, 21]
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Table 3: Comparison of damage profiles between Experimental and numerical results

Numerical

Conclusions

The microstructure of the BCC lattice shows the formation of narrow o' regions primarily due to the
high cooling rate. The material in this condition seems to be brittle with higher peak stress and lower
elongation to failure, which will be addressed through several heat treatment studies later. The
deformation profile follows the trend from the literature, with a 45° failure being the leading cause.
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Abstract

IN738LC is one of the most common superalloys in gas turbine hot-section components. In this study,
IN738LC alloy powder was produced via vacuum induction melting and gas atomization method. The
methodology used in this work includes an investigation of the physical, microstructural, and mechanical
properties of gas-atomized IN738LC powder. To characterize and understand the powder efficiency, X-
ray diffraction (XRD), optical and electron microscopy techniques, and nanoindentation (Nano-DMA)
analysis were conducted. The aim of this study was to reveal the characterization of gas-atomized
IN738LC powders in terms of microstructure, texture, and nano-mechanical properties.

Keywords: Additive manufacturing, nickel-base superalloys, IN738LC powder, microstructure,
nanoindentation

Introduction

Over the last decade, additive manufacturing (AM) of nickel-based superalloys has been the center of
attention for the aerospace industry. Selective laser melting (SLM) is one of the AM technologies that
allows the fabrication of complex parts, improves components' performance, and decreases life-cycle
and costs [1]. The gas atomization technique is widely used for achieving ultra-fine, spherical, and high-
pack density metal powders for SLM [2-3]. There are a few studies about the influence of gas-atomized
powder properties on the processability of SLM. In general, particle size distribution, flow properties,
powder density, etc., have been researched before the application of AM process [4-6]. However, a few
studies regarding the microstructure, texture, and nano-hardness of the gas-atomized powder have been
published [7-8]. IN738LC is a typical non-weldable nickel-based superalloy that is preferred for its
excellent high-temperature strength and hot corrosion resistance [9-10]. In the present study, gas-
atomized IN738LC powder (produced for SLM process) was characterized. Step by step, starting from
the particle size distribution, density, phase analysis (XRD), morphology and microstructure (SEM),
followed by crystallographic orientation and texture (EBSD), and nano-mechanical properties
(nanoindentation) of the powder were investigated. In this study, the characterization of gas atomized
IN738LC powders will simply be discussed in another perspective.

Experimental Methods and Materials

Powder Production by Gas Atomization
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IN738LC superalloy was cast by VIM (Vacuum Induction Melting) in TUBITAK MRC. Then, the
vacuum inert gas atomization (VIGA) method was applied (in ERMAKSAN) to produce powder by
using the as-cast IN738LC ingot. Process parameters of VIGA is given in Table 1.

Table 1. Process parameter of VIGA for IN738LC Powder

Parameter Value
Molten metal temperature  1500-1600°C
Induction power 60kwW
Casting pressure 20-30 bar
Ambient pressure 1 atm
Atomization gas Argon

During the gas atomization process, molten metal was atomized and rapidly solidified; thus, IN738LC
powders with spherical shape and cellular dendritic microstructure were achieved. Obtained powder
particles were classified by an ultrasonic sieve system. Finally, 20 um - 45 um size fraction was chosen
for characterization studies.

Characterization Methods

The gas-atomized IN738LC powders were characterized to identify the microstructural, chemical,
physical, and mechanical features which are also believed to have significant effect on as-built materials.

Before atomization, the chemical composition of the as-cast alloy was determined by using OES (Optical
Emission Spectrometry, Horiba) for primary elements and by elemental analyzers (Eltra and Horiba) for
the minor elements (O, N, C, S). After atomization, particle size distribution (PSD) of the powders was
conducted by using the Malvern Mastersizer-2000. X-ray diffraction (XRD) method was used for
detecting the mineralogical phases present in the alloy powder using a RIGAKU SMARTLAB
diffractometer with 9KW Cu-Ka radiation and operated at 40 kV and 20 mA. The scan rate was
maintained at 1(1/min and scan range was used from 30[] - 10001.

Microstructural and morphological features of the gas-atomized powder were investigated using optical
microscopy (Olympus BX53M) and electron microscopy (Hitachi SU7000, equipped with Oxford EDS
and EBSD detectors) techniques. To identify morphological features of the powders, conductive carbon
tape was used for SEM images. For EBSD and nanoindentation analysis, the powder was embedded in
a conductive acrylic (with cold bakelite method), then mounted powder was polished with non-
crystallizing colloidal silica by vibratory overnight.

To understand the mechanical properties of the powders, nanoindentation analysis was applied by
Hysitron T1 980 Tribolndenter with Berkovich indenter. With this method, nano-hardness (GPa) and
reduced elastic modulus (Er) of the different areas of the microstructure can be calculated. The data
obtained by nanoindentation belongs to the reduced elastic modulus, and its general formula is given
below [11-12].

E: Elastic modulus of the sample
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Ei: Elastic modulus of the indenter

Er: Reduced elastic modulus
N: Poisson ratio of the sample
vi: Poisson ratio of the indenter

Results & Discussion

The chemical composition of as-cast IN738LC is given in Table 2. The average particle size of the gas
atomized powder is 33.34 um and distribution is given in Figure 1. Physical properties of the powder

were summarized in Table 3.

Table 2: Chemical composition of as-cast IN738LC

Ni Cr Co Mo w Ta Al
% % % % % % %
Bal. 16.05 85 1.77 265 187 3.38
Ti Nb C S (0] N
% % % % ppm ppm
333 083 011 0.0014 7.92 350

Volume (%)
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Figure 1. Particle size distribution (PSD) of gas-atomized IN738LC Powder

Table 3. Physical properties of gas atomized IN738LC Powder

(l-lm) (l-lm) (llm) (glcmB) (glcmB) ratio (')
22.41 | 33.33 | 49.27 4.01 5.26 131

XRD pattern of the IN738LC alloy powder is given in Figure 2 which shows the presence of Ni-Cr ((a
= 0.359 nm) phase at 26=43.67, 20=50.86, 20=43.67, 20=74.77, 26=90.76, 26=96.05 which correspond
to the (111), (200), (220) and (311) planes of the single y matrix.
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Figure 2. XRD pattern of the IN738LC alloy Powder

The general morphology of the gas-atomized IN738LC powder has a spherical shape. However, a few
smaller satellite particles as well as a few irregular-shaped particles were observed attached onto the
surface (Figure 3). Based on the SEM images, it was observed that the particle diameter variates from 3

pum to 44 pm.

Spherital
particles

Irregular
morpliology:

Figure 3. SEM images of gas-atomized IN738LC Powder

Dendritic microstructure of the powders formed during the solidification process of the atomization
method. To understand grain orientation during solidification as well as atomized texture formation,
EBSD studies were performed and pole figures (PF) of the gas atomized powders represented at
respectively Figure 4 & Figure 5.
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Dendritic microstructure with having randomly oriented grain boundaries were investigated with EBSD
analysis (Figure 4). Moreover, columnar dendritic structure and different grains with random dendrite
orientation is seen from the Figure 4-a. However, equiaxed grain distribution with random orientation
was also distinguished from a few powders (Figure 4-b). This equiaxed grain boundaries can be seen
from Figure 4-c. Moreover, it was noticed with EBSD analysis (Figure 4-d) that IN738LC powder
composed of y-gamma phase only as indicated by XRD phase identification.

Figure 4. EBSD images of the powder (Oxford electron backscattered diffraction (EBSD) results): (a)
Randomly oriented and (b) equiaxed dendritic structure with satellite particles, (c) band contrast, (d)
phase color image of gas atomized IN738LC Powder

In Figure 5, pole figure (PF) map from EBSD measurements is shown that every individual powder
particle has a polycrystalline structure.
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Figure 6 and Figure 7 represent the nanoindentation scanned area (20umx20um) and nanoindentation
curves, respectively. The nanoindentation load on the powder particle was applied at a maximum of 500
um for 3 seconds and with a loading/unloading speed of 100 um. 15 different traces (with 5 pm between
them) were taken on this selected area.

Figure 6. Nanoindentation traces on the powder particle (indent through dendrite core & dendrite arms)
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Figure 7. Nanoindentation curves of the Powder

When the results (Table 4) of these traces are compared, it was noticed that hardness and elastic modulus
values are higher at the zone 1-3-6-7-11, but lower at the zone 8-9-12-13-14. It should be said that nano-
hardness and reduced elastic modulus increased through the dendrite core. To correlate between
microstructural features (orientation of dendrite & grains) and nano-hardness, some future studies are
being carried out.

Table 4. Nanoindentation hardness and elastic modulus values of IN738LC Powder

hmax H
Indents Er (GPa)
(nm) (GPa)

0o Grid 1 29.67 216.73 13.00
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Grid 3 2953 214.72 13.12

Grid 6 30.88 205.64 1234

Grid 7 30.97 206.82 12.30

Grid 11 3175 190.31 12.20

Mean 3056 206.84 1259

STD 0.94 10.42 0.43

- Grid 8 35.66 178.18 10.01
% Grid 9 34.18 185.61 10.80
g 2 Grid 12 3455 164.78 1112
2 ; Grid 13 35.77 170.22 10.22
7 Grid 14 34.73 176.25 1063
Mean 3497 175.00 1055

STD 0.70 7.93 0.4,

Conclusions

In this study, IN738LC powder was produced nationally for the first time in Turkey. The as-cast ingot
was produced by TUBITAK, while the powder was produced via VIGA from the as-cast ingot by
ERMAKSAN. Then, microstructural, and nano-mechanical characterization of gas atomized IN738LC
powder was performed:

* Spherical morphology having a few irregular and satellite particles was obtained by gas atomization
manufacturing.

« EBSD analysis showed that gas atomized powders have randomly oriented dendritic microstructures
with polycrystal grains.

+ Nano-hardness on powder particles showed that dendrite cores have higher hardness (14.6 GPa) and
higher Er (257 Ga) compared to dendrite arms.

A comparison of EBSD analysis before and after nano-indentation and XPM deviation according to
different PF/IPF orientations are planned as the future studies
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Abstract

To fully harness the potential of Additive Manufacturing (AM), it is imperative that AM components
are tested and verfied for all service conditions. In contrast to typical testing scenarios conducted at room
temperature, these components are often subjected to harsh real-world conditions. This research
investigates the standardization of high-temperature fatigue tests, which is a part of an ongoing PhD
thesis. Although there are some international standards governing fatigue testing, there is a notable
absence of standards tailored specifically for AM parts, particularly those subjected to extreme
conditions.

Keywords: Additive manufacturing, standardization, high temperature fatigue, extreme conditions.
Introduction

The primary aim of this research is to investigate the uncertainties of test standards concerning the
evaluation of high-temperature fatigue characteristics in AM components. It is beneficial to note that
this study confines its focus exclusively to the examination of test specimens, with the comprehensive
analysis of full-scale functional components falling beyond the scope of this investigation. The initial
phase of this study entails the execution of fundamental tests on coupon specimens, with the overarching
objective being the assessment and enhancement of high-temperature fatigue performance exhibited by
AM metal components.

Definition / Fatigue

Fatigue represents a progressive mechanism leading to sudden and non-reversible deterioration or
structural failure in components subjected to cyclic loading conditions. A predominant proportion of
structural failures can be attributed to fatigue-related phenomena. Consequently, it is inevitable to accord
due significance to fatigue strength considerations as a crucial strategy for avoiding structural and
component failures. In the context of AM, where components are frequently exposed to cyclic loading,
meticulous attention must be devoted to designing AM parts with inherent fatigue resistance capabilities,
especially in the context of their intended service conditions.

Standardization

“The benefits arising from the existence of standards for high temperature fatigue testing would include
reduction in the duplication of testing and the removal of barriers to trade... This duplication of effort is
attributable, in many cases, directly to the absence of an accepted standard and the consequent
specification of 'customised' test procedures by each client organisation.” [1] The contemporary case for
AM components is similar to the case in 80’s for conventional components. There are some parameters
should be standardized to ensure the compatibility of the results.
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Discussion

In distinction to components fabricated via subtractive manufacturing techniques, AM counterparts
exhibit a relatively inferior surface finish, which is known to exert an adverse impact on their fatigue
performance. The vast majority of published fatigue tests for AM test coupons are conducted with
machined and polished surfaces as suggested In ASTM Standards. [2] [3] [4] Notably, AM confers
distinct advantages, such as the capacity for topology optimization, the creation of lattice structures and
conformal cooling channels, features that are conspicuously challenging, if not impossible, to replicate
using subtractive manufacturing methods. Consequently, it becomes imperative to underscore that even
the as-built surfaces of AM components ought to possess resistance to fatigue-induced stresses. [5]

In the assessment of fatigue performance, due consideration must be allocated to the inherent surface
roughness of as-built AM components. Moreover, it is suggested that forthcoming standards should
specify and regulate parameters including but not limited to surface roughness, test temperatures, coupon
geometry, the number of specimens, testing frequency, and the R-value.

Conclusions

AM contains great opportunities as a developing manufacturing technology. However, promoting AM
to a mature state necessitates the establishment of testing standards to ensure its safe and reliable in
industrial applications.
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Abstract

The core of bones including trabecular bone, is a lattice-like structure built out of connected struts. Its
high porosity helps the nutrition exchange and contains the bone marrow responsible for the desired
generation of red blood cells. The trabecular bone exhibits a high surface area compared to the cortical
bone and responds to mechanical stresses by refining its characteristics. It is less dense but stronger and
stiffer because it contains concentrated minerals like calcium and phosphorus. Due to the efficient force
distribution this particular bone tissue provides, it is resistant to compression, tension, and shear forces.
Literature study reveals that the geometry of the metallic bone implant plays a significant role in
enhancing mechanical and biocompatibility. In this study, the different orientations of the geometry on
the bone-implant obtained were demonstrated using Trimetric software. Furthermore, ANSYS Structural
Simulations will be performed on the geometries achieved through different orientations to examine the
comparison strength for future studies.

Introduction

Porous metal scaffolds are essential in orthopedics, particularly for procedures involving prosthesis
implantation, such as artificial joint replacements, and treating bone abnormalities caused by infections,
trauma, or tumor removal. These scaffolds offer numerous advantages. One advantage is that its porous
structure facilitates a robust bond between the bone and the implant by closely resembling the
mechanical characteristics of bone. This reduces the risks associated with stress shielding [1]. This
structure also facilitates nutrient transportation, bone cell ingrowth, and differentiation. In contrast, metal
materials, such as titanium and its alloys, possess unique scaffold structures and well-balanced
mechanical properties, rendering them more versatile for orthopedic implants compared to ceramics and
polymers [2]. Titanium and its alloys are highly favored due to their biological compatibility, corrosion
resistance, and affordability [3], [4].

The construction of bone scaffolds can involve either regular or irregular designs for their porosity.
Regular porous structures can be generated by repeating a unit cell or a triply periodic minimum surface.
The materials possess consistent unit structures, uniform pore sizes, and modifiable porosity. The
mechanical behavior and biocompatibility of regular porous scaffolds are affected by these
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characteristics. However, the human trabecular bone does not possess uniform local porosity or identical
pore size and morphology [5], [6]. Consequently, the consistent structure of regular porous scaffolds
may not elicit the desired cellular response, both in laboratory settings and within the body [7].

In contrast, the configuration and dimensions of irregular porous materials exhibit random variations.
The diverse range of pore sizes, different pore shapes, and varying levels of local porosity in bone tissue
engineering (BTE) can enhance the biocompatibility of porous scaffolds [8]. Research has shown that
irregular porous structures resembling cancellous bone have advantages for cell development, thus
emphasizing the benefits of this uneven architecture. Researchers have created numerous irregular
porous scaffolds to achieve the desired characteristics of natural bone at different levels, such as
mechanical properties, biological compatibility, mass transport, and microstructure geometry. These
scaffolds are developed using image-based reverse modeling, mathematical modeling, or a combination
of these approaches [5], [9][10]. Taniguchi et al. found that the size of the pores in bone implants is an
essential factor in promoting bone regrowth [11]. Barack and his colleagues researched to examine the
mechanical properties of different dimensions in a chimpanzee bone model created using micro-CT
scanning. The researchers discovered that the average thickness of trabecular bone was too small to be
accurately replicated using 3D printing technology. As a result, there were only minimal changes in the
dimensions of the intended structure during the fabrication process [12]—Wood et al. employed micro-
CT scanning to construct a model of the trabecular structure of sheep bones. The mechanical strengths
of samples from various orientations within the same structure were analyzed, following their production
through 3D printing [13]. In a study by Cheng et al. [14], the human femur was duplicated using Micro-
CT. Subsequently, sample models with varying porosity levels (low, medium, and high) were created
from Ti6Al4V Grade 5 powder using selective laser sintering. Mangano promotes the utilization of
CAD/CAM technology in the production of dental bone implants [15].

Methodology and Cad Models

A. Balci achieved a duplicated trabecular structure based on bone samples obtained from a 22-month-
old sheep’'s femur and vertebral regions. These bone samples were carefully excised for micro-CT
imaging without significant damage and preserved in a 10% formaldehyde solution. Subsequently, the
bone samples underwent scanning within a wet formaldehyde environment using a Bruker Skyscan 1272
machine. The settings included an 8-micron scanning pixel size, a 90 kV source voltage, 111 mA source
current, and an Al 0.5 + Cu 0.038 mm filter [16].

The cross-sectional images in the horizontal slice plane, essential for creating 3D models, were generated
using the NRecon software based on the obtained scanning data. The 3D computer-aided design (CAD)
model was generated by identifying bone areas through grayscale distinctions using Mimics software.
The complexity of the trabecular structure was affected by specific areas, such as damaged regions from
bone cutting for Micro-CT and cortical bone, as well as disruptions caused by epiphyseal plague, as
illustrated in Fig. 1 [16].

Various designs of the bone implant were achieved using the identical model. At first, a cubic model,
depicted in Fig. 2, was imported into Mimics 3-matics version 13.0. The object was subsequently
reflected on various surfaces and positions in order to attain the most favorable thickness and other
physical characteristics, including height and width. Subsequently, the solid entities were arranged and
merged utilizing Boolean Union.
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After attaining the desired physical parameters, cylindrical models were obtained by varying their
orientations and axes.

Epiphyseal plaque Cortical bone

Fig. 2. Cubical CAD of the internal structure of trabecular bones

The cubical model was then converted into a cylindrical model from the different origins’ axes. The axis
was selected as XY, XZ and YZ. The obtained designs are shown in Table 1 below:
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Table 1. Design of the trabecular structures for the analysis by Trimetric software

Isometric View

YZ

XZ

Front View

XY

YZ

Back View

XY
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Bottom View
XY XZ YZ

The porous nature of bone refers to the complex arrangement of minute cavities and openings within the
bone tissue. These cavities are commonly known as "pores™ or “porosity" and play a crucial role in
several bodily functions, such as serving as a structure for blood vessels and bone marrow and
contributing to the overall strength and flexibility of the bone. The porous nature of bone is essential for
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its capacity to provide structural support to the body and endure mechanical pressures. It also functions
as a mineral reservoir and a hub for bone cell activity.

The obtained designs reveal that different porosities and their structures were derived from various axes.
These variations will influence the mechanical and biocompatibility properties, which arise from
alterations in the pore structure and the thickness of the struts at multiple locations. Moreover, it is
necessary to conduct future studies, including simulation and experimental studies, to determine the
optimal design for the bone implant based on the obtained designs.

Conclusion

The central structure of bones, which includes trabecular bone, is essentially a lattice-like framework
composed of interconnected struts. Its significant porosity facilitates the exchange of nutrients and
houses the bone marrow responsible for generating red blood cells. Trabecular bone possesses a larger
surface area than cortical bone, and it refines its characteristics in response to mechanical stresses. A
review of existing literature demonstrates that the design of metallic bone implants plays a crucial role
in improving their mechanical properties and biocompatibility. Arif replicated the trabecular bone
structure using bone samples from a young sheep's femur and vertebral regions. The samples were
carefully prepared for Micro-CT imaging and scanned with a Bruker Skyscan 1272 machine under
specific conditions. Cross-sectional images were generated for 3D modeling. The trabecular structure
was created using Mimics software. In this study, the same model was used to design various bone
implants, optimizing their parameters. This approach demonstrates the potential for customizing bone
implants based on natural bone structures. Future studies are needed to be carried out on these obtained
customized designs to investigate mechanical properties such as shear, compression, and tensile strength
at different angles and directions to observe whether the implant is isotropic or anisotropic in terms of
strength to meet the optimal design for the bone implant.
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Abstract

The advent of 3D printing technology has ushered in a transformative era in manufacturing and various
industries. 3D printing is a significant part of advanced manufacturing and builds products layer by layer.
Additive Manufacturing (AM) enables design flexibility, the efficiency gains, having various application
areas, reduce carbon footprints and where small businesses, startups, and individuals can compete on a
level playing field with larger corporations. In addition in recent years, there has been significant interest
in the advancement of photosensitive slurries for manufacturing ceramics with excellent mechanical
properties [1]. The incorporation of ceramic fillers into UV-curable resin matrices is a promising
approach to enhance the mechanical, thermal, and dielectric properties of UV-cured materials, making
them suitable for a wide range of applications, including coatings, adhesives, and 3D printing. In this
study, a binder system has been developed that can be a candidate as ceramic slurry for slurry-based AM
technologies. This developed binder system was mixed with ceramic filler and different additives in
varying concentrations by weight and turned into a slurry and characteried. Key aspects issues
investigated in this study include the effect of the addition form of the dye (Sudan IV) and the effect of
the amount of filler on the resulting composite materials.

Keywords: Ceramic Additive Manufacturing, UV Curable, Photopolimerization, Dye, Ceramic Powder,
Ceramic Slurry

Introduction

Photopolymerization is a method by which a liquid monomer transforms into a solid polymer when
exposed to ultraviolet (UV) light. This transformation generally occurs through polymerization initiated
by free radicals generated by a photoinitiator [1]. When subjected to specific light wavelengths, these
polymers chemically react and bond together, creating a solid structure. In contrast to conventional 3D
printing techniques, which involve melting and extruding materials, often resulting in defects and the
need for support structures, photopolymerization offers a cleaner and more precise alternative [2].
Therefore numerous industries, aerospace, medical, industrial manufacturing, and even consumer
product applications., have embraced this technology, as it is well-suited for producing intricate and
customized components with minimal waste.

So far, thanks to recent advances in both materials science and computer science, a wide variety of 3D
printing methods have been created specifically for ceramic part production. Prior to printing, the raw
material, depending on its form, can be broadly categorized into slurry-based, powder-based, and bulk
solid-based methods [3]. Slurry-based 3D printing technologies for ceramics typically utilize liquid or
semi-liquid systems containing finely dispersed ceramic particles as feedstock. These may be in the form
of inks or pastes, with the choice depending on the solid loading and viscosity of the system [4].
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Different additives were used along with the binder system and ceramics in the prepared slurry-based
raw material systems. Ceramic selection and manufacturing process significantly affect the properties of
the final composite material [4,5]. These systems are typically prepared by processes such as mixing,
ultrasonication, and UV curing to ensure uniform distribution of ceramic particles. Dye additives, known
for their versatile nature, have emerged as important players in customizing the performance and
properties of these composites [6]. When dye absorbs UV light, it produces heat, which can help
promote cross-linking and curing in areas where UV light intensity may be weaker or shadows are
present. Additionally, when the dye absorbs UV light, it transfers energy to the photoinitiator, which can
speed up the initiation of the curing process and shorten curing times. Hence, even challenging
geometries and thick-layered coatings can be cured properly.

In this study, a binder system has been developed that can be a candidate for the 3D printing industry.
This developed binder system was mixed with ceramic filler and different additives in varying
concentrations by weight and turned into a slurry and characterized [7]. Sudan IV was used as the dye,
and the effect of the addition method of the dye (liquid form) and the effect of the amount of ceramic
filler on the composite materials obtained are included [8].

Experimental Procedure

The synthesis of ceramic-based acrylate resin composites involves mixing ceramic particles or fillers
with acrylate-based resins.

Materials

Acrylate monomers and oligomers were used for the binder system. The oligomer percentage comprises
approximately 80% of the binder system. TPO and Irgacure 819 were used as photoinitiators. Tween 80
was used as a surfactant, aiming to reduce surface tension and increase the compatibility of different
components in the formulation. Additionally, Sudan IV dye was used as the building block of the article.
The procedure for adding dye additives will be explained in detail. The amounts of substances in the
binder system are summarized in Table 1.

Table 1. Binder system (BS) components

Commercial Weigth Density

Name [%0] [g/cm?]
HDDA 2-10 1.02
Monomers 2-HEA 2-10 1.01
IBoA 5-15 0.99
UM2380T 30-50 1.05-
1.25
Oligomers UM7200 30-50 1.05-
1.25
PAR 5-15 1.1-
1.43
Photoinitiators Irgacure 819 2-5 0.93
TPO 2-5 1.12
Dye Sudan IV 0,05-0,1 1.2
Surfactant Tween 80 0,5-2 1.06

HDDA = 1,6-hexanediol diacrylate, 2-HEA = 2-hydroxyethyl acrylate, IBoA = isobornyl acrylate, PAR
= polyester acrylic resin, Irgacure 819 = bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide, TPO =
diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide
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Ceramic powders were prepared by ball milling. First, an optimized powder mixture was obtained. The
aims here were to distribute the prepared ceramic powder homogeneously within the binder system, to
increase the surface area and reactivity and to create a better powder quality. The powder mixture
contained Si02, ZrO2 and Al.Os. Ethanol was added to the powder mixture in the zirconia grinding
bowl to reduce the solids content to 40%. To create a well-blended system, the mixture was subjected to
the ball mill process at 300 rpm for a total of 6 hours. The material taken from the ball mill was dried in
a vacuum oven at 50 degrees for 1 hour to prevent agglomeration and ensure stability. Finally, the dried
material was ball milled again for 20 minutes. The average particle size of the resulting ceramic powder
was measured with a mastersizer (Malvern Mastersizer-2000) as d(0.5):3.774 um.

Preparation of Liquid Dye Forms

Sudan 1V were used as dye. Dye addition was carried out in liquid states. While preparing the liquid
dye form, 15 ml of NVP, CB and Sudan 1V were added to a balloon. The prepared solution was mixed
with a magnetic stirrer in a balloon on a hot plate at 400 rpm at 80 °C for 4 hours. It was cooled to room
temperature and used like that.

Preparation of Ceramic Filled Acrylate Resin Composites

We have two formulations of ceramic-based acrylate resin composites. These were without dye and
liquid dye formulations, respectively. Ceramic filler was added to each of them at the rates of 40%, 50%
and 60%. 1.5 ml of liquid dye solution was added to ceramic-based acrylate resin formulations. A total
of 6 samples were prepared in this way. All prepared samples were mixed with a homogenizer for 5
minutes and then cured with Lithoz CeraFab System S65 Ceramic AM system Sample contents are
summarized in Table 2.

Table 2. Ceramic-based acrylate resin formulations

Formulation n A CPF ™
Name
CP40/BS 5.67 420 SiO;, ZrO,, 1155
AL:O;s
CP50/BS 9.56 420 SiOy, ZrO,, 80.3
AL:O;s
CP60/BS 16.89 | 420 SiOy, ZrO,, 733
ALO;
CP40/BS- 434 420 SiO;, ZrO,, 116.2
DYE ALOs
CP50/BS- 8.21 420 SiO;, ZrO,, 79.8
DYE AL:O;
CP60/BS- 13.71 | 420 SiOy, ZrO,, 75.4
DYE AL:O;

n = slurry viscosity @ 15 s-1(Pa.s), A = light wavelength (nm), CPF = ceramic powder formulation, TM
= tensile modulus (MPa)

Results and Discussion

Characterization of the obtained composite materials was carried out using Infrared spectroscopy
(FTIR), Thermogravimetric analysis (TGA), Differential scanning calorimetry (DSC). Additionally,
scanning electron microscopy (SEM) was used to examine the surface morphology of the final product,
the cured material. Tensile testing was used to characterize its mechanical properties. Morover the
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average particle size of the ceramic powder was measured using a mastersizer, and the viscosity and
curing depth of the prepared composite materials were examined.

Infrared spectra of the prepared polymeric resins were measured to analyze their chemical structures.
The acrylate resin system was measured with an infrared Spectrometer (Perkin Elmer Spectrum One).
Transmission spectra (%T) were collected in the scaninng range of 4000— 400 cm—1.

Rheological properties of ceramic-filled acrylate resin-based slurries were determined using a Discovery
HR 20 Rheometer (TA Instruments, New Castle, DE) at a constant temperature (40 °C). For each sample,
a scan was first performed and average values were obtained by taking at least three measurements for
the specified shear rate. The final viscosity results are reported in table 2.

The glass transition temperature (Tg) of cured ceramic-filled acrylate resin samples was analyzed using
differential scanning calorimetry (DSC) Perkin Elmer Jade DSC. The sample was accurately weighed in
an aluminum pan and heated to a temperature range of -30 to 300°C with a constant thermal ramp of
10°C/min under nitrogen flow.
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Figure 1. DSC thermograms of different ceramic-based acrylate resin formulations

Thermogravimetric analysis of cured ceramic-filled acrylate resin samples was performed on Perkin
Elmer PYRIS 1 TGA devices under air atmosphere. Thermal analysis was monitored over a temperature
range of 20 to 900°C with a constant thermal ramp of 10°C/min to measure the thermal stability and %
ash content of different formulations. Thermal stability was critically evaluated using T1, T2 and T3.
T1, T2 and T3 are the corresponding weight loss at 5%,25% and 50%, Y% is the residue obtained at 900
°C (Table 3).

CPBO/BS-DYE

o 2 B am 0 800 0 &0 o0

Figure 2. TGA curves of different ceramic-based acrylate resin formulations
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Table 3. TGA results for ceramic-based acrylate resin

Formulation ~ T3(°C) T2°C) T3(°C) %Y

Name 900 °C
CP40/BS 256.5 3429 490.5 23.96
CP50/BS 260.4 336.4 483.6 28.33
CP60/BS 2478 356.9 481.9 30.12

CP40/BS-DYE 265.9 361.3 500.7 21.42
CP50/BS-DYE 261.2 349.5 492.6 26.41
CP60/BS-DYE 259.1 357.8 502.8 31.40

Tensile test samples were shaped into 1 mm square rectangular prisms in a teflon mold. The tensile
strength was then calculated in one application using the universal testing machine (UTM) of Zwick
Z250 5kN load cell and a speed of 2 mm/min. A pair of rotating clip jaws was used to clamp the sample.
Tensile strength, % elongation and tensile modulus were then determined for four samples of each
formulation and the average of the value was considered for analysis.

The most direct characterization of photopolymerization behavior is made by measuring the curing depth
as a function of energy dose. This process can be done by exposing ceramic-filled acrylate resin slurry
into to known doses of UV energy, removing the solidified layer and measuring the Cd with a
micrometer. It requires careful cleaning of the cured layer after curing to obtain reliable measurements.
While obtaining the curing depth data, measurements were taken at different points of the material and
averaged. The cured layer must be carefully cleaned after curing to obtain reliable measurements.

Table 4. Depth of cure study results

Formulation Energy Dose Cd (n)
Name (mj/cm?)
CP40/BS 200 565
CP50/BS 200 492
CP60/BS 200 469
CP40/BS-DYE 200 576
CP50/BS-DYE 200 539
CP60/BS-DYE 200 522

Figure 3. Post-curing images (a) CP40/BS; (b) CP40/BS-DYE
Conclusions

In this study, the preparation of ceramic-filled acrylate resin-based UV-curable slurries for 3D printing
and the effects of the dye used as an additive on the resulting material were examined. In formulations
prepared without the use of dye, the depth of cure decreased as the ceramic content increased. This is
because as the amount of ceramic filling increases, homogeneous distribution becomes difficult and
ceramic powders reduce the light transmittance. For this reason, partial curing occurs and the depth of
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curing decreases. When the dye additive was added, the depth of cure decreased as the amount of ceramic
filler increased. However, considering the obtained values, it was seen that the curing depth of slurries
with added dye was greater than that of without dye slurries. Each sample obtained was observed for 1-
2 days after curing and no shrinkage occurred in any sample. The results showed that the dye absorbed
energy and increased polymerization during curing. Also since the amount of polymerization and curing
are directly proportional, the depth of curing has increased.
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Abstract

Process parameter optimization is an initial requirement for additive manufacturing (AM) of any
material. This short paper aimed at process parameter optimization of laser powder directed energy
deposition (LP-DED) of Inconel 738LC. A design of experiment (DoE) was established based on the
response surface methodology (RSM) to optimize single tracks. The desired responses were the
geometrical attributes of single tracks including the bead height, bead width, and wetting angle. The
results were regression models that can be used for predicting the geometrical properties of the single
track according to the process parameters. These results will further be used for production of defect-
free bulk samples.

Keywords: Metal additive manufacturing, process parameter optimization, RSM, nickel alloy.
Introduction

Additive manufacturing (AM) of nickel-based superalloys is challenging due to their susceptibility to
cracking during the process. Inconel 738LC (IN738LC) is a non-weldable nickel-based alloy with
excellent strength, corrosion and oxidation resistivity, and high thermal fatigue life with applications for
high-temperature use such as turbine blades [1]. Non-weldability of IN738LC is related to the high
content of Al and Ti (more than 6 wt.% in total), and more accurately the secondary phases that contain
Ni3(ALT1) y' phase [2]. The microstructure of IN738LC consists of y matrix, (y'+y) eutectic phase, V',
and MC carbides [3].

The optimization of process parameters starts with producing defect-free single tracks with proper shape.
Regardless of a few studies, the optimization of single-track deposition has not been fully addressed for
IN738LC. Ramakrishnan et al. [4] investigated the effect of LP-DED process parameters on the
deposition of defect-free thin-walled Inconel 738 structures. The results showed that a high scanning
speed (720 mm/min) leads to delamination even though a laser power of 1000 W was used for the initial
layer deposition. However, delamination can also be caused by incompatible substrate. Furthermore,
their results showed that high applied energy causes cracks, especially in the vertical direction. On the
other hand, it is known that in order to produce a porosity-free sample, the heat supplied must be
sufficiently high. These conflicting requirements for producing high-quality Inconel 738 products result
in significant problems with the processability of this alloy. The optimized process parameters in their
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study were 400 W, 180 mm/min, and 3.4 g/min as laser power, scanning speed, and powder feed speed,
respectively. Surprisingly, Zhang et al. [5] reported an even lower laser power (250 W) to obtain crack-
free Inconel 738 using the LP-DED method. Sun et al. [3] proposed an average laser power of 500 W
and a scanning speed of 250 mm/min to produce a crack-free bulk sample of Inconel 738. The linear
energy density (P/v) and the powder density (4P/nD2), where D was the nozzle diameter, were used as
two indicators to design the process parameters.

This study aims to establish an optimal window of process parameters considering laser power, scanning
speed, and powder feed rate, which are the most influential factors contributing to the quality of laser
deposition processes.

The proposed model is based on analysis of variance (ANOVA) and response surface methodology
(RSM). Geometrical attributes of a single track, such as track height, track width, and wetting angle, are
important for determining other processing parameters including layer height and overlap value.
Therefore, the properties mentioned were used to determine the suitability of the single tracks. The
reliability of these models was evaluated using the linear regression coefficient and further verified
through experiments.

Experimental Setup
IN738LC powder

The IN738LC powder was developed through vacuum induction gas atomization furnace process with
a diameter range between 45 and 106um. The material composition is listed in Table 1.

Table 1: IN738LC powder composition.

Element Wit% Element Wit%
BEAERES
Ta 1580_ Co 3.00 -9.00
Al 3530_ Mo 1.50-2.00
B 06(_)8172_ Nb 0.60-1.10
c W | 5%,
Ni Bal. W 2.40-2.80

LP-DED machine configuration

Single tracks were produced using the DMG Mori Seiki LASERTEC 65 DED Hybrid machine with a
1.6mm coaxial nozzle diameter with a 2.5kW diode laser. The substrate was a 10 mm thick C45 steel at
room temperature. Argon gas with a flow rate of 5 and 3 L/min were used as the shielding gas, and
carrier gas.
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Table 2: The DoE of single-track deposition.

Sample | P (W) |S PFR
No. (mm/min) | (gr/min)
1 700 400 7.5
2 900 400 7.5
3 700 800 7.5
4 900 800 7.5
5 800 600 7.5
6 700 600 6

7 800 400 6

8 800 800 6

9 900 600 6

10 800 400 9

11 800 800 9

12 700 600 9

13 900 600 9

Experimental Results

Figure 1 shows cross-sections of individual tracks. As observed, no delamination occurred in any of the
jobs; therefore, the defined ranges for the process parameters were acceptable. However, in some cases,
excessive deposition is observed. The porosity rate is influenced by the selection of process parameters.
Laser power and scanning speed are the most influential factors that contribute to porosity formation.
The experimental results showed that the laser power and scanning speed should be higher than 800 W
and 600 mm/min to achieve the lowest porosity rate. The final porosity rate of a bulk sample is also
influenced by the overlap ratio and thickness of the layer; accordingly, it would be more realistic to
evaluate the porosity rate of bulk samples.

Figure 2(a) shows the main effect plots for bead height. According to the results, the laser power does
not play an important role in determining the height of the individual deposited tracks. Taking into
account a fixed amount of powder supplied, the laser power is responsible for fusing the material. Since
the range of laser power examined melts the material sufficiently, there is no noticeable variation in the
bead height. The scanning speed and powder feed rate affect the amount of powder delivered to the
surface. Consequently, both parameters have a significant influence on the height of the deposited
material. From Figure 2(a), it can be seen that increasing the scanning speed can significantly reduce the
bead height as long as a smaller amount of powder is allocated every second. On the other hand, the
powder feed rate has an inverse effect on the deposition height, which is indicated by a direct relationship
in the third main effects plot. Several researchers combined these two parameters (F/v) and proposed a
unified exponent [6]; However, this approach is not completely consistent with the main effect plots of
the present study. Table 4 also shows the linear regression model for the bead height and the comparison
between the experimental measurement and the model results. It can be seen that the regression
coefficient is quite high, which indicates the accuracy of the model.
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Figure 1. The optical micrographs from the cross-section of single tracks.

The width of the deposited material initially depends on the diameter of the nozzle; nonetheless, it
effectively depends on the amount of heat supplied at a constant nozzle diameter. Figure 2(b) shows the
main effect plots for the bead width, which is supported by the previous claims. As shown, laser power
is the most influential process parameter due to its undeniable contribution to the heat input. By
increasing the laser power from 700 to 900 W, the width of the deposited track increased from 1.51 to
1.69 millimeters. It is surprising that the minimum track width obtained was smaller than the nominal
diameter of the nozzle, which is due to the insufficient material supply for deposition. A low laser
scanning speed ensures longer exposure time and higher heat input; Therefore, reducing this process
parameter can also increase the bead width. The effect of powder feed rate was first directly proportional
and then inversely proportional to bead width. The reason for this strange behavior is that at high feed
rates, the nozzle diameter restricts the distribution of the powder and instead forces the powder particles
together, which is undesirable. It should be noted that the width of the track should not exceed the
diameter of the nozzle, as this will lead to the lack of control of powder distribution, ball formation, and
dimensional inaccuracy. Therefore, the optimal feed rate is close to the minimum value in the range. The
bead width regression model is also shown in Table 3. The accuracy of the model is not as high as that
of the bead height model due to the over-deposited samples; However, it can still give an idea of the
width of the bead.
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Figure 2. Main effect plot of the geometrical attributes: (a) Bead height, (b) bead width, and (c) wetting
angle.

The wetting angle indicates the suitability of the entire bead shape. A suitable bead shape typically forms
a 60 to 80-degree angle with the base plate, ensuring proper gap filling and material consolidation in
successive laser tracks and stacking layers, ultimately resulting in a fully-densed component. Figure 2(c)
shows the main effect analysis of the process parameters for the wetting angle. The influence of the
process parameters on the wetting angle is more complex as it is influenced by all three parameters.
Understandably, a higher powder conveying speed leads to a higher track height, which unfavorably
increases the wetting angle. However, the influence of laser power and scanning speed requires further
investigation. Surprisingly, several researchers had ignored the effect of laser power [7]. According to
the first graph in Figure 2(c), increasing the laser power led to a decrease in the wetting angle, which
can be explained by the effect of a more efficient melting cycle and the formation of a suitable bead
shape. Furthermore, the wetting angle is directly related to the bead height, while it is inversely
proportional to the bead width. Since the laser power has almost no influence on the bead height and has
a positive effect on the bead width, the wetting angle decreases with increasing power. The high scanning
speed limits the stacking of powder flow at any point, ensuring more uniform bead geometry and
preventing balling. The linear regression model for the wetting angle was determined from the ANOVA
results and showed acceptable accuracy (See Table 3).
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Table 3: Regression models for each geometrical property.

To determine the optimal configuration, the desirability function approach was adopted. The desirability
function varies between 0 and 1 and should be as close to 1 as possible. Figure 3 shows the desired goals
and the result obtained by the response optimizer as part of the RSM analysis. For this analysis, the
previously defined areas for the process reactions were used. The optimal process parameter settings
include a laser power of 746 W, a scanning speed of 590 mm/min and a powder feed rate of 7 g/min.
The high desirability value (0.9781) shows the suitability of the optimal results according to the desired
geometric values.

To verify the optimization result and the closeness of the predicted responses to the experimental
measurements, the optimum set of process parameters were produced and measured. Table 4 shows the
process parameters and the corresponding geometrical properties of the measurements. The overall error

Bead height = 5.8 — 0.00708xP — 0.007119xS +
0.1053%PFR + 4E-6xP? + 5E-6x5? (R?=0.93)

Bead width = 0.587 + 3.16E-3xP + 2E-5xS —
0.142xPFR —3E-6xP2 — 0.00822x PFR 2 +3.07E-4xPx
PFR + 4.3E-6xSx PFR (R?=0.829)

Wetting angle = 90.6 + 0.14xP — 0.2484xS +
1.47xPFR +1.51E-4xS? + 2.463xPFR? + 1E-4xPxS —
0.033xPxPFR — 7.17E-3xSxPFR (R?=0.914)

rate is less than 10%, reflecting the accuracy of the models.

Table 4: Experimental and RSM results of the geometrical properties.

Shape Experiment | RSM | Error
parameter (%)
Bead height | 0.928 0.995 | /.21
(mm)

Bead width | 1.51 1.6 5.96
(mm)

Wetting 67 70 4.47
angle

(degree)
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Figure 4. The cross section of the optimum single track.
Conclusions

The aim of the present study was to systematically investigate the influence of important process
parameters on the geometric specifications of individual LP-DED IN738LC tracks. The ANOVA and
RSM were used to determine the effect of each process parameter on the geometric shape of each bead.
The results showed that the laser power has only a small influence on the track height. The bead width
depends on all three parameters; however, the impact was less severe than the size of the bead height.
The wetting angle was significantly influenced by the powder feed rate and scanning speed, as these
parameters indicate the amount of powder delivered to the surface. The RSM was used to optimize the
process parameters considering the bead height, width and wetting angle as responses. The obtained
result was P=750W, v=590 mm/min and F=7 gr/min. The optimum single track contained a few
porosities that can be eliminated in bulk sample by selecting a proper layer thickness and step over value.
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Abstract

Selective Laser Melting (SLM) has emerged as an innovative technique for additive manufacturing,
offering unparalleled freedom in design and precision in the fabrication of complex metallic components.
An important aspect that influences the laser-material interaction and, eventually, the quality and
performance of SLM-produced parts is the laser beam profile utilized during the process. In this study,
COMSOL Multiphysics is employed to simulate the laser-material interaction in SLM, aiming to
understand the effect of varying beam shapes on the generation of residual stresses in the fabricated
components. The on-hand research begins with a comprehensive analysis of the physical processes
involved in SLM, including laser energy absorption, heat transfer, and solidification dynamics. By
varying the laser beam profile, such as the Gaussian to Top-Hat, the paper systematically explores their
impact on laser-material interaction, melting and solidification, and, most importantly, the generation of
residual stresses within the parts. The findings of this study are expected to provide valuable insights
into optimizing SLM processes for improved mechanical performance and reduced defects in additively
manufactured components. Understanding these effects is pivotal for optimizing SLM processes to
enhance mechanical properties and reduce defects, bridging theory and practical applications in additive
manufacturing.

Keywords: Selective Laser Melting, Residual Stresses, Beam Shaping, Beam Profile, Numerical
Modelling.

Introduction

Additive manufacturing (AM) stands as a disruptive technology pivotal to realizing Industry 4.0 [1,2],
revolutionizing traditional manufacturing methods by directly translating CAD models into components,
reducing costs, time, and material waste [3]. Laser-Powder Bed Fusion (L-PBF), a key AM process,
employs laser energy to melt metallic powders precisely, yielding custom components with fine grain
structures and excellent mechanical properties [4]. However, the conventional Gaussian laser beam
shape has inherent drawbacks, causing localized overheating, evaporation, and spattering during L-PBF
due to its irradiance distribution [5,6]. As a result, it adversely affects melt pool dimensions, stability,
and product quality [5,7].

To address these issues, researchers have explored alternative beam shapes from laser welding processes,
known for their impact on weld quality and performance [8,9]. Insights from these studies offer
promising strategies to enhance L-PBF [5-7]. In this context, the on-hand research aims to perform
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thermomechanical modelling using COMSOL Multiphysics to analyze the effects of beam shaping on
residual stress generation in the SLM process. It seeks to investigate how alternative beam shapes,
developed initially for laser welding and related techniques, impact thermal and mechanical behavior
within the SLM process. By simulating and comprehensively evaluating the resulting residual stresses,
we aim to gain deeper insights into the potential benefits and challenges associated with adopting
alternative beam shapes in L-PBF, contributing to the advancement of this transformative manufacturing
technology.

Thermomechanical 3D FEM Model

In this study, a comprehensive continuum-based thermomechanical model was developed to investigate
the effects of alternative beam shapes on the generation of residual stresses during the SLM process. The
approach considers the powder layer, composed of discrete particles, as a continuum medium with
equivalent properties, facilitating an accurate representation of thermal and mechanical behavior.

The domain considered for the 3D FEM model has a length of 5 mm, a width of 2.5 mm, and a layer
thickness of 25 um. In the model, the laser follows a bidirectional strategy for scanning the specified
domain (see Figure 1). Furthermore, the model incorporates temperature-dependent material properties
[10] to capture the evolving behavior of the Ti6AI4V alloy during the SLM process with precision.
Specifically, consideration is given to temperature-dependent elasticity and plasticity, along with
isotropic hardening, while kinematic hardening effects are disregarded. The mechanical properties of
Ti6Al4V used in the simulation are taken from [11]. To accurately represent the phase change from
powder to solid, the latent heat of fusion, phase change temperature, and temperature-dependent material
properties are incorporated [12].

Table 1 shows the process parameters used for this study.

Figure 1. Thermomechanical 3D FEM model.

Table 1: Process parameters

Parameter Value
Laser scanning velocity (v) 1100 mm/s
Laser power (P) 190 W
Absorption coefficient (A) 0.3[13]
Laser spot radius (r) 50 pm
Hatch space (Hs) 50 pm
Emissivity (g) 0.35 [14]
Optical penetration depth (8) | 65 um [13]
convective heat transfer 10 W/m?K
coefficient (he)
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Governing Equations, Initial and Boundary Conditions

The thermomechanical model consists of two governing equations: the heat balance equation for the
transient thermal analysis and Hook’s law for thermal stress analysis. The heat balance equation is
expressed as follows:

pC, % + pCyuVT = V(kVT) + Q (1)

where p is density, Cp is specific heat capacity, k is thermal conductivity, u is the laser velocity, T is
temperature, and Q is the heat absorbed (i.e., heat source). An exponentially decaying volumetric heat
source, adapted from [15], is used and further modified to accommodate different beam shapes (e.qg.,
Top hat and Donut).

0(x,y,2) = ZAP2 exp (_ M) exp ( Izl) (2)

nér r2 T

A is absorption coefficient, P is laser power, r is laser spot radius, |z| is the absolute value of the z-
coordinate, and § is the optical penetration depth of the laser for Ti6Al4v.

The whole domain is considered to be at ambient temperature (i.e., TO =293 K at t = 0), and a heat loss
due to convection and radiation at the surface of the domain takes place during the laser and material
interaction and can be expressed as follows:

—k 2= (T —To) + ea(T* + T3) 3)

The (-) sign shows the heat loss from the domain surface (n), hc is the convective heat transfer
coefficient, ¢ is the surface emissivity coefficient, and o is the Stefan-Boltzmann constant.

For the thermal stresses analysis, Hook’s law of elasticity considering an ideal elastic-plastic body,
which goes under elastic and plastic deformation due to the cyclic loading behavior of the SLM process

is used:
{0} = [D){e®} (4)
{e°} = {e} — {eP} = {€"} )

{o} is the stress vector, [D] is the elasticity matrix, {€c} is the elastic strain vector, {e} is the total strain
vector, {¢p} is the plastic strain vector, {e:} is the thermal strain vector.

Results and Discussion

In the SLM process, when the laser source scans the powder layer, a rapid increase in material
temperature occurs, leading to quick melting. Subsequently, as the heat source passes, the material
undergoes rapid solidification and cooling. This dynamic process introduces high thermal gradients to
the material, resulting in the generation of tensile and compressive residual stresses in the final part.
Preliminary results of the analysis indicate that altering the laser beam shape has a discernible impact on
melt pool characteristics, cooling rate, and thermal gradients within the melt region. Specifically, as the
laser beam profile is changed from Gaussian to Donut, the melt pool depth decreases, and its width
increases. It is mainly attributed to the reduction of the peak irradiance at the center of the beam profile
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[5,6,16]. A visual representation of the laser source with Donut beam profile during scanning is depicted
in Figure 2.

b)

Figure 2. The laser source with a Donut profile.

The findings carry significant implications for the SLM process, suggesting that the manipulation of
laser beam shape can be used to tailor the properties and quality of printed parts. This knowledge can
aid in optimizing the SLM process for specific applications, potentially reducing the generation of
residual stresses and enhancing the overall performance of the final part.

Conclusions

In conclusion, the SLM process, driven by the dynamic interplay of rapid material heating and cooling,
gives rise to the development of complex residual stresses in the fabricated parts. The preliminary results
presented in this study shed light on the potential for laser beam shape modification as a means to exert
precise control over melt pool characteristics and thermal gradients. The transition from a Gaussian to a
Donut beam profile was observed to bring about notable changes, notably reducing melt pool depth
while increasing its width.
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Abstract

This paper explores the critical challenge of achieving precise dimensional accuracy in additive
manufacturing (AM) post-processing, with a specific focus on complex and intricate geometries. We
emphasize the specific difficulties presented by such geometries and investigate how advanced
computing solutions, including algorithms, simulations, and artificial intelligence, can be turned to
address these challenges. Through empirical evidence and case studies, we demonstrate how these
computational tools optimize print parameters, ensure component tolerances, and pave the way for
superior dimensional precision in complex AM geometries. This research provides valuable insights for
professionals and researchers seeking to improve dimensional accuracy in the context of challenging
AM geometries.

Keywords: Complex geometry, dimensional accuracy, post-processing, advanced computing
Introduction

Post-processing is a critical step in manufacturing objects produced through various additive
manufacturing techniques. While these technologies have revolutionized the way we create objects, they
often leave behind undesired elements such as rough edges, support structures, or surface imperfections
[1]. The need for post-processing arises from the desire to achieve the desired final quality and
functionality of the manufactured parts. In this paper, we propose an approach and show the proof-of-
concept to automatically generate trajectories for industrial robots for complex geometries. In the case
of AM, some elements must be reinforced through the bottom in order to be entirely printed out. They
are printed non-solid objects whose only purpose is to keep the upper layers from distorting owing to
gravity. These support structures are fragile and simple to take down subsequently. These unwanted
structures need to be taken out after the print is finished and the material has cooled in order to obtain
the desired result. Those continue to manually carry out this time-consuming and unsafe removal
operation during the post-processing step [2]. The technique used in this research is to create a robot
trajectory for this task by automating the process and using only the already available data. The approach
analyzes the difference between the two and then executes our experiment using the machine code and
CAD data. In order to represent any type of three-dimensional object and modify the resolution based
on the use case, we decided to use a voxel data structure. GPU-Voxels, an open-source framework for
real-time data processing on graphics processing units, handles all voxel direction and calculation.
Throughout all of the trajectory's execution, the actual object cannot sustain any adverse effects. To plan
a collision-free path, the path planner makes use of a voxel representation of the robot and the tool as
well as compacted surroundings. Consider that contact with the object's support structure is preferred,
particularly while removing it. However, only within the support structures is contact between a tool and
an item allowed. As a result, different structures are all addressed in different ways during path planning.
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The voxel representation is updated during the execution of the computed trajectory based on the current
joint values of the robot and the subsequent tool position. A robot-mounted tool's approach orientation
in the object space is sampled in order to attain a high reachability. For the purpose of removing as much
material as possible, the orientation that can reach the most target points is determined. After the initial
iteration, if any unwanted material is still present, the procedure is restarted, and a new orientation is
sampled. This paper will lead us on a complex getaway that combines academic understanding with real-
world applications. We will present a wide range of illustrative examples to demonstrate the
revolutionary potential of these computational tools. They optimize and improve print parameters as
well as enforce the strict tolerances required to achieve excellent dimensional accuracy in the most
complex AM designs [3-10].

Theory

Here is the theory of our study on using two robot arms to cooperate in post-processing parts with
complex geometries in the context of additive manufacturing. We will acquire two robot arms equipped
with end-of-arm tools suitable for post-processing operations. Ensure that these robots have the
necessary sensors and control capabilities for precise and coordinated movements. Implement control
software that can communicate with and control both robot arms simultaneously. This software should
be capable of coordinating the motion of the two robots. Develop or use software for the control of AM
processes and the generation of toolpaths for post-processing. Use of 3D scanning or other methods to
obtain accurate digital representations of the parts produced by AM. This data will be used for planning
and executing post-processing tasks. Develop a complex motion planning algorithm that can handle the
specific geometries of the parts. This algorithm should optimize the movement of both robot arms to
ensure efficient post-processing. Consider the hybrid position and force control strategy. Implement
impedance control to account for interaction forces between the robot arms and the part being processed.
Program the robot arms to work in tandem. While one robot arm manipulates the part, the other
simultaneously performs the post-processing operation, such as grinding, polishing, or cutting. Ensure
that both robot arms are aware of each other's movements to prevent collisions and to maintain a safe
working environment. Implement feedback systems that provide real-time data on the progress of the
post-processing operations. This includes data on the interaction forces, part surface quality, and any
deviations from the planned trajectory. Develop safety protocols to ensure the safety of human operators
and robots during the operation. This may involve emergency stop mechanisms and barriers to prevent
accidents. Conduct iterative testing and refinement of the control algorithm and motion planning. Make
adjustments based on the real-world performance of the robot arms. Validate the effectiveness of the
proposed control algorithm and cooperative robot operation. Measure the quality and efficiency of the
post-processing operations compared to conventional methods. Define performance metrics, such as
processing time, surface finish quality, and accuracy. Collect data during the experiments, including
time taken, the force exerted, and the quality of the processed parts. Analyze the data to assess the success
of the cooperative robot operation in post-processing complex geometries.

Discussion

The utilization of robots in additive manufacturing (AM) post-processing offers a promising solution to
address the challenges posed by complex geometric parts. In this study, we proposed and defined a
route/novel control algorithm that enables two robot arms to collaborate effectively in post-processing
operations. This section presents a comprehensive discussion of the key implications, limitations, and
future directions of our research. This kind of study will demonstrate the cooperative operation of two
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robot arms significantly enhances the efficiency of post-processing for complex geometries. Traditional
methods often struggle to maneuver and manipulate tools in intricate and convoluted shapes. In contrast,
the use of two robot arms allows for simultaneous manipulation and processing, leading to a remarkable
reduction in processing time. One of the notable advantages of our approach is the ability to maintain a
high level of quality and precision. By incorporating impedance control and real-time feedback
mechanisms, the robot arms adapt to the varying topologies of the parts. The interactions between the
arms and the workpiece will be carefully managed, resulting in smoother surfaces and fewer defects.
The success of our research will present significant implications for various real-world applications.
Beyond AM, this cooperative robot approach can be applied in industries that require precise post-
processing of complex parts, such as aerospace, automotive, and medical device manufacturing.

Finishing Robot

Figure 1. Multi degree of freedom robots for the post-processing of complex geometry (A.M Kabir
2018).

Conclusions

This research paves the way for several future directions. To further enhance the cooperative robot
approach, future studies may explore advanced algorithms for better path planning, human-robot
collaboration, and the integration of additional sensors for more precise feedback. Furthermore, research
into cost-effective solutions for small and medium-sized enterprises could make this technology more
accessible. In conclusion, our aim is to demonstrate using two robot arms to collaborate in post-
processing complex geometric parts in AM offers significant advantages in terms of efficiency, quality,
and safety. The successful implementation of this approach has the potential to revolutionize the post-
processing phase in industries where precise and intricate work is required. Our research contributes to
the ongoing efforts to optimize manufacturing processes and improve the quality of products in various
industries.
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Abstract

This study explores the integration of overhang constraints and Reliability-Based Topology
Optimization (RBTO) within the realm of Additive Manufacturing (AM). While AM enables intricate
component fabrication, it grapples with the challenge of support structures. By incorporating overhang
constraints into topology optimization, the feasibility of self-supporting structures is enhanced. RBTO,
on the other hand, addresses uncertainties associated with design variables, ultimately bolstering
reliability. This research delves into solutions for the build direction parameter using both deterministic
and RBTO algorithms. It evaluates topological properties, compliance, sensitivity, and density filters,
alongside optimization techniques such as the Method of Moving Asymptotes (MMA) criterion and
Optimal Criteria (OC). The findings contribute to the synergy of overhang constraints and RBTO within
AM topology optimization, resulting in improved designs that account for uncertainties. The study not
only advances computational efficiency but also stabilizes the optimization of build direction
parameters, providing valuable insights for future applications of AM.

Keywords: Topology optimization, Reliability analysis, Additive manufacturing, Overhang constraint.
Introduction

Topology optimization is an advanced structural design method that can achieve the optimum structural
configuration through the best material distribution under specific boundary conditions [1]-[3]. The use
of Additive Manufacturing (AM) technology enables the creation of unique and innovative designs that
cannot be achieved through traditional manufacturing methods in various industries [4]-[6]. To fully
benefit from both topology optimization and AM, it is necessary to integrate design constraints into
topology optimization [7]. Existing topology optimization approaches in the literature, to our knowledge,
do not consider overhang angle limitations, resulting in optimized designs that often do not self-support
and therefore cannot be produced independently of support structures [8].

Support structures are required to prevent overhang from collapsing during the AM process, and these
supports are usually removed after manufacturing. Support structures used during manufacturing
increase material consumption, post-processing time, and complexities [9], [10]. Therefore, it has been
reported that the most significant problem limiting producibility in AM is support structures [11].
Consequently, one of the most prominent typical AM constraints for topology optimization is the
overhang constraint [12].

In structural design, natural uncertainties often encompass design variables such as material parameters
(e.g., elastic modulus, yield strength) and applied forces [13]. However, deterministic topology
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optimization fails to account for the uncertainties of these random variables in the solution phase.
Addressing these structural uncertainties within deterministic problems leads to more reliable designs.
As a result, Reliability-Based Topology Optimization (RBTO) has emerged as a branch of optimization
[14], [15]. RBTO aims to account for uncertainties in applied loads and other random variables during
the solution process [16]-[20]. Using the RBTO model, different topologies are obtained depending on
the targeted reliability levels, which are different from those obtained through deterministic topology
optimization.

In this research, the build direction parameter used in additive manufacturing is solved by adapting it to
both deterministic and RBTO algorithms. The comparison focuses on the topological characteristics and
compliance of the intended design under four different direction parameters. The implementation of the
solution was performed using 88 lines of MATLAB TO code on structures such as the Messerschmitt-
Bolkow-Blohm (MBB) beam [21]. We conducted a comparative evaluation of sensitivity and density
filters while obtaining the solution. As part of our optimization methodology, we used the MATLAB
Optimization Toolbox's interior point algorithm to update design variables. For the example addressed
in this research, a comparative analysis of the results was provided by considering both the Method of
Moving Asymptotes (MMA) and the Optimal Criteria (OC) when addressing the RBTO problem.

Deterministic Topology Optimization

In this study, the focus is on the minimum compliance topology optimization algorithm, as illustrated in
Equation 1. The objective here is to discover the material distribution (represented by p) throughout the
design space that results in maximum stiffness while adhering to a specific volume constraint.

min C(p) = d"Kd = Y., (p.)Pdg kod.
. V(p)
subjectto  —=< f (1)
0

Kd=f
0<pmin£)0eSl

The vector p represents the design variables within the minimum compliance topology optimization
algorithm. The stiffness matrix, displacement vector, and force vector are denoted by K, d, and f,
respectively. N refers to the number of elements that discretize the design area while de and ko are the
displacement of an element and elemental stiffness matrix, respectively. The material volume and the
design area volume are represented by V(p) and Vo, with f as a pre-determined upper limit in the volume
fraction. pmin IS the minimum relative density used to prevent singularity in the model. When pe=0, it
signifies that the corresponding element within the structure is considered empty, meaning it does not
contribute to the physical attributes of the design.

Reliability Evaluation

Within the scope of topology optimization designs, the reliability criteria incorporate the uncertainties
associated with random variables. This methodology is embedded within the optimization process to
identify a dependable and ideal configuration for a structure in a specified area. In conducting a reliability
analysis, a normalized vector of the random variable (u) and a reliability index (B) are introduced [22].
When dealing with a normal distribution, the expressions for u and B are defined as follows:
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Yji—My;
U=
B = min(x/ﬂ) 2

where y;j is the j'th random variable with a mean value of my; and a standard deviation oyj. The vector u
defines the relationship between random variables and design variables. Therefore, an RBTO
(Reliability-Based Topology Optimization) problem, formulated by integrating the reliability analysis
into the topology optimization problem, can be described as follows:

min Clp) = d"Kd = Zévzl(pe)pdgkode
subjectto  B(u) = B;

R < f ©)
0

K(p' Yy, u) ' d(p, y, u) = f(Y; ll)
0<pmin=<pe=1

Here, B and Pt represent the system's reliability index and target reliability index, respectively, and u
represents random variables described in the standard normal space.

AM filter concept

The frequently mentioned critical angle is approximately 45 degrees [23]-[25]. If a part has regions with
overhang angles falling below this critical angle in the selected build direction, it cannot self-support
and cannot be printed in its current state. The support region in this context refers to the three-square
elements in the lower layer, as shown in Figure 1.

i-1, | i-1, | i-1,
i kol jit 1

: baseplate
|

Figure 1. Definition of supporting regions for element i,j [26]

In this study, reliability analysis was adapted to the existing topology optimization approach, and an AM
constraint was added to consider the direction of the printed part. Langelaar's suggested AM filter was
incorporated into the well-known 88-line topology optimization code developed by [21], [27]. By
default, this code uses an OC optimizer. In this procedure, an inner loop continuously evaluates the
volume constraint, meaning the AM filter is called multiple times, leading to an increase in
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computational time. As a result, modifications were made to the code to accommodate MMA [28] and
interior point methods. We compared the Optimality Criteria (OC), Method of Moving Asymptotes
(MMA), and interior point methods during the design iteration process. The assessment of the AM filter
played a significant role in shaping our results. Equation 4 shows the modification of the AM filter to fit

the RBTO problem:
min C(p) = dTKd(p)
subjectto  B(u) = B;

V(pg.u.p) <f (4)
0

K(p,y,u,p) -d(p,y,u,p) = f(y,u,p)
0 <pPmin <pe =1
0<b<1
Here, the variable p governs the area of printed density, while the variable b is responsible for controlling the

blueprint area throughout the optimization procedure. The flow chart that outlines the formulation represented by
Equation 4 is provided in Figure 2.

Tapology Optimization Reliability Evaluation
[ stant |
- I g Normalized the random varibles:
| Define optimization inputs | uj St i ]
' i
r ’| Finite element analysis {with AM filter) I, )
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] 7 Gw=0  _No|
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Figure 2. Flowchart for RBTO procedure using AM filter.
Numerical example: MBB beam

In the current research, the minimization of linear elastic compliance under volume constraints was
achieved using the SIMP material interpolation technique [29], [30]. The study considered the
Messerschmitt-Bolkow-Blohm (MBB) beam. Material properties with a symmetric beam and Young's
modulus E=100GPa and Poisson's ratio v=0.3.
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The optimization process was performed in four different table layouts (West 'W', East 'E', North 'N’,
South 'S") using the 88-line TO code. A penalty factor of p=3 was applied to reduce the influence of
medium-density (gray-colored) elements in topology optimization. Assumptions included an r_min=1.2
radius filter, V_f=0.5 volume ratio, and B_t=3 target reliability index.

For the MBB beam, design domains with dimensions of 30x20 and 180x60, as shown in Figure 3, were
utilized. The maximum number of iterations was limited to 300 for all scenarios evaluated. The results
clearly demonstrated the influence of different build directions, leading to the emergence of different
topologies. Most importantly, all resulting designs fully complied with the Additive Manufacturing
constraint, which is a factor that considers a specific build direction.

il

vkt

Figure 3. MBB symmetric beam and boundary conditions

Figure 4 depicts the deterministic Topology Optimization (DTO) results obtained for the MBB beam in
four unique build directions (W, E, N, S) using the Additive Manufacturing (AM) filter applied in this
research. As a result, a distribution was achieved that eliminates the need for support structures in the
manufacturing direction. When the sensitivity filter (ft=1) was used in conjunction with the interior point
algorithm, subsequent solutions were performed with the sensitivity filter due to the stability of the
results compared to the density filter.

>

It: 200, Obj:47,  It: 234, Obj: 46,
V: 0.50, time: 55.1 V;: 0.51, time:
64.0
N S
It: 211, Obj: 58, It: 189, Obj: 51,
V;:0.53,time: 722  Vj: 0.54, time:
57.3

Figure 4. Deterministic topology optimization designs of 30x20 MBB beams employing the interior-
point approach and AM filter in four different build directions, with the use of a sensitivity filter.

The West direction is preferred as it provides the necessary compliance without impeding performance.
The North and South directions require additional material to support the structure, resulting in increased
compliance. Small changes in the East and West designs lead to minor increases in compliance.
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Figure 5 displays both the results of RBTO and RBTO with the AM filter. The layered manufacturing
table highlighted in blue lines on the optimal figures represents the "W" direction evaluated for minimum
compliance, consistent with previous findings. Additionally, the defined optimal topologies were
manufactured using a 3D printer (Creality Ender-6, Shenzhen, China).

3D Printing
30x20 90x60 (90x60)
RBTO Z Z Total time:
It: 87, Obj: 54, It: 88, Obj: 71min
Vs 0.5, time: 62V,:0.50 Support
83.94 time:954 time: 12min

AM-

M It:29,0bj:53,  It:76,0bj;  Votal time:

- 58min
R . 53,V,:0.49,
Vy:0.51, time: s Without
23 time: 752
support

Figure 5. RBTO design of MBB beam using interior-point with AM filter with sensitivity filter

Based on the presented results, the AM-RBTO/W algorithm consistently outperforms in structural
design by achieving lower values for the objective function. Specifically, in the case of a 30x20 structure
size, the AM-RBTO/W algorithm not only provides a lower objective function value but also delivers a
faster solution compared to the RBTO algorithm. Even in the scenario where the objective function
values are the same for a 90x60 structure size, the AM-RBTO/W algorithm reaches a solution more
quickly, maintaining its advantage. When comparing 3D printing times, it was observed that the
algorithm incorporating the AM filter completed the job 13 minutes faster.

These results collectively demonstrate the effectiveness of optimization in balancing material
consumption against structural performance. A reduced objective function value indicates improved
structural performance, while an increased volume ratio corresponds to using more material.

Conclusions

In this study, designs that consider reliability criteria in topology optimization were realized using the
AM filter proposed by Langelaar (2017). Density-based topology optimization produces reliable designs
based on the build direction in a typical powder-bed-based AM process. This eliminates parts that require
support structures and cannot be printed from the design space. The proposed method was tested using
a numerical example commonly used in the literature. In this context, it was observed that the topologies
of reliability-based optimization problems differed from deterministic results. Similarly, analyses using
the AM filter showed that additional material was unnecessary for self-supporting structures. To validate
the accuracy of the results obtained from sample solutions, optimal topologies were 3D-printed and
examined. As seen in the example, the use of the AM filter significantly reduced printing time and
resulted in less material consumption. Furthermore, additional research is needed to adapt this method
to three dimensions and address more complex engineering challenges.
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Abstract

Biodegradable materials have garnered significant attention in the field of orthopedics as an innovative
solution for fracture fixation devices. Among these materials, magnesium (Mg) alloys have emerged as
promising candidates due to their biocompatibility and mechanical properties closely resembling those
of human bone. Additive manufacturing (AM) techniques, such as 3D printing, have revolutionized the
production of biodegradable Mg bone plates, offering precise control over the geometry and structure of
the implants.

However, one of the primary challenges associated with Mg implants is their fast degradation rate, which
can compromise their structural integrity and performance. Corrosion, and Hydrogen Evolution are the
main causes for fast degradation of Mg implants. Coatings play a crucial role in controlling the
degradation rate of magnesium (Mg) implants. They act as protective barriers between the Mg implant
and the surrounding physiological environment, slowing down the corrosion process and thereby
influencing the overall degradation kinetics. Polylactic Acid (PLA) and Poly(lactic-co-glycolic acid)
(PLGA), Hydroxyapatite (HA), Phosphate-Based Coatings, Hydroxyapatite-Polymer Composites, and
Metallic Coatings, can offer both mechanical strength and controlled degradation characteristics.

In this current study we developed a simulation model to estimate the degradation behavior of Mg
implants which can successfully predict their fast degradation rate and changes in the shape with respect
to time. As this is ongoing work, in the later stage we will perform in-vitro tests after developing certain
coatings on the bone implants and improve their degradation time. In addition, changes in the shape of
the bone implant will also be predicted and problems with it will be rectified. This work aims to offer
meaningful guidelines for researchers for future study.

Keywords: Mg Implant, Additive Manufacturing, Coatings, Degradation Simulation, Bone Plate
Introduction

Bioresorbable materials, particularly magnesium (Mg) alloys, have revolutionized the field of
orthopedics and bone implant technology [1,2]. These innovative materials are designed to serve as
temporary scaffolds or implants within the human body, gradually dissolving over time while facilitating
bone healing and regeneration [2]. This groundbreaking approach eliminates the need for a second
surgery to remove traditional metal implants and minimizes the risk of long-term complications [3]. Mg
bone implants have gained significant attention due to their biocompatibility, mechanical properties, and
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ability to support the body's natural healing processes [4]. In this context, they represent a promising
avenue for improving patient outcomes and reducing the burden associated with permanent implants.[1]

However, the use of magnesium (Mg) bone implants can be restricted due to their early degradation in
the human body [5]. This degradation may limit their application in scenarios where long-term implant
stability is essential, such as load-bearing situations or cases requiring permanent implantation [6]. Mg
implants are typically chosen for situations where temporary support aligns with the patient's healing
process and where the implant's gradual dissolution is advantageous for bone healing and regeneration.
In order to overcome this issue different coatings or hybrid implants or composite implants can be
utilized to control the early degradation of the mg implants [7].

In this current work we developed a simulation model which can predict the different hybrid or pure Mg
implants degradation under human body environment. The purpose of the study is to use different
coating techniques in the future along with additive manufacturing technologies to delay mg degradation
and make them adoptable for the orthopedic applications.

Materials and Methods

In this current work we employed materials and methods section from literature as the in vitro
degradation of different Mg Alloys is already performed. We later simulated the results according to
provided parameters. Three magnesium-based materials were employed in this research: Mg2Ag,
Mg10Gd, and pure magnesium. These materials were cast at Helmholtz-Zentrum (HZG) in Gaeltacht,
Germany. To carry out the casting process, high-purity materials were utilized, including magnesium
(99.99%), gadolinium (99.95%), and silver (99.99%) [8].

For in vitro cell experiments, discs with a diameter of 10 mm and a height of 1.5 mm from extruded rods
were fabricated [8].

To achieve the desired dimensions, the extruded rods of pure magnesium and Mg10Gd (with an initial
diameter of 6 mm) were reduced to 1.6 mm through a turning process conducted with Ernst Wittner
GesmbH in Vienna, Austria. On the other hand, the extruded Mg2Ag rods were transformed into wires
using hardened steel drawplates with varying wire gauges and a drawing bench. This reshaped the metal
and reduced the wire thickness. Subsequently, the wires underwent an annealing process at 300°C for
approximately 45 minutes in a furnace between 1-3 wire drawing steps. The diameter of the Mg2Ag
wires was ultimately reduced to 1.6 mm [8].

Following g production, all samples underwent sterilization through gamma radiation at a dose of 29.2
kGy, a procedure performed by BBF GmbH in Stuttgart Germany [8].

In vitro Test Results

Even though gadolinium and silver is used, the degradation behavior of the mg was not significantly
enhanced. Fig 1 and 2 provides the in vitro test results until 12 weeks in the hank solution of the Mg
alloys.
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Figure 1. Degradation behavior of pure Mg in comparison to the MG alloys at 4 weeks

104

0.8
.6 -
" I I
‘ . - R
0 2 4 6 8 1

0 12

o

Degradation (mm/year)
o =)
LN ES

Time (Weeks)

Figure 1. Degradation behavior of pure Mg, Gadolinium and Silver alloy
Abaqus Governing Equations; Degradation Simulation

Oblique or longitudinal fractures in the human usually take 4 months to completely heal. But as we
know high strength metals causes stress shielding while there is always a risk of refracture for low
strength materials. Biodegradable Mg implants are the best option for implantation.

Using the in vitro test results we given in the above figures we calibrated our model to provide
complete degradation after 4 weeks while keeping degradation rate constant. Ficks law of diffusion is
utilized as a hit a trial methos using Simulia Abaqus with Python subscripting to create a simulation
for the degradation behavior. Ficks Law states that;
__p¥c

/= dx
J represents the flux or the rate of diffusion (amount of substance passing through a unit area per unit
time).

D is the diffusion coefficient or diffusivity, which quantifies how easily the substance can move through
the medium. It depends on the properties of the substance and the medium.

dC/dx is the concentration gradient, which represents the change in concentration of the substance with
respect to distance. It indicates how the concentration varies along the path of diffusion.

In our simulation whole bone plate model is divided into mesh sections and each element section is
provided with the mechanical properties of the MG or MG alloy. As we know with degradation, stiffness
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of the implant material must be reduced. We assumed that initial diffusion of the body fluids inside an
element is O while it has its maximum Elastic Modulus E. As the amount of diffusion increases from 0
in an element and its value is multiplied with the E and the new E value is updated in the next iteration.
While when the diffusion reaches 99.9 percent Abaqus removes the element as it becomes unable to
support any kind of load hence it predicts the shape changes degradation. This iterative simulation
continues for 12 weeks and final result provides the actual shape of the MG implant if it is emersed
inside the human body. Figure 3 provides an overview of the simulation process.

0% Diffusion
E=100% 3|

30% Diffusion

E-r0%
New Material Property updated n the next Ieration
Figure 3. Simulation process for degradation simulation
Results and Discussion

It’s interesting to note that developed Mg implants cannot be used without further processing as they
will provide a destructive result in the biomedical implants for orthopedics.

We allowed diffusion from all the exposed sides of the implant including the screw holes but as the time
passes screw holes also experience fast degradation, making the implants unreliable during early stages
of implantation. Figure 4 provides the shape the degradation result of the MG implant.

Day 10

Color Code:
I%SE S100%

Day 28

Figure 4. Results of the degradation of the Mg Implant

As it can be seen from the Figure 4 that even after 1st day degradation of the elements in contact with
the medium is started to degrade while the screw holes got widen making it unusable for the rest of the
time.

So we can predict that it is not worthy to be used in its initial condition while coatings or other processes
applied over the surface to delay the degradation process.

Conclusion
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It is safe to conclude that in order to use biodegradable MG implants extra processes must be employed.
Coatings which can delay the healing process or the hybrid models with half biodegradable parts can be
utilized as the future implants in this field.

As we are working in this area, performing in vitro tests and different coatings will be the future works
for our group.
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Abstract

Selective Laser Melting (SLM) within the realm of additive manufacturing is a dynamic and rapidly
progressing field, marked by a multitude of parameters that exert substantial influence on the final
properties of manufactured components. Ongoing research endeavors are dedicated to comprehensively
unravel the intricate web of these influential factors, with particular emphasis on the pivotal role played
by the powder spreading process. In the pursuit of this goal, our study harnessed the power of Discrete
Element Method (DEM)-based simulations to shed light on the nuanced effects of spreader speed and
shape on the dispersion of micron-sized powder particles upon the substrate. Our discerning observations
unveiled that, as speed escalated to higher levels, the dispersion of the powder exhibited suboptimal
characteristics, resulting in a looser distribution. Notably, a comparative analysis with prior research
underscored the inferior performance of rectangular spreaders in contrast to their round counterparts,
consequently, this led to a decrease in the compactness of powder dispersion.

Keywords: Additive manufacturing, Selective Laser Melting, Simulations, Discrete Element modelling
Introduction

The ASTM society defines additive manufacturing as a method of creating parts from 3D model data by
joining materials, typically layer by layer [1]. Selective laser melting is a technique classified under the
powder bed fusion category within ASTM characterization standards [1]. In this method, a layer of pow-
der is initially spread onto the substrate, followed by laser melting the powder. The molten powder fuses
with the previously solidified, and this layer-by-layer addition process culminates in the production of
the desired shape. In this process, various parameters influence the final properties of the produced part.
Therefore, it is imperative to comprehend the impact of these parameters on the end properties to
optimize them and create a functional part that meets the specified requirements and with- stands the
anticipated working conditions throughout its service life. Numerous studies have been conducted to
investigate the influence of process parameters, as demonstrated by Gyung Bae Bang et al. [2] for
SUS316L, Jason Walker et al. [3] for nitinol, and Peyman Ansari et al. [4] for AISi10Mg. Nevertheless,
numerous other studies have also been undertaken to address existing knowledge gaps and gain a more
comprehensive under- standing of the selective laser melting (SLM) process, particularly in the context
of various materials, with the goal of eliminating ambiguities and uncertainties. One property that
significantly influences the final part’s characteristics is the distribution of the powder as it compacts
onto the substrate. Liu Cao [5] conducted a study to examine the effects of various spreading methods
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and spreading speeds on the quality of the powder de- position. The research revealed that using a non-
rotating roller for spreading achieved the highest powder compaction and the most uniform distribution.
Furthermore, as the spreading speed increased, the compaction showed a linear decrease. In a similar
vein, Eric J.R. Parteli and Thorsten Po"schel [6] developed a model to investigate the transport of powder
particles using a roller as the coating system, and their findings emphasized the pivotal role of process
speed in the packing characteristics of the applied powder.

In this study, we employ a modeling approach to conduct simulations with the aim of understanding how
speed and the utilization of a rectangular shape spreader affect the behavior of powder distribution within
a micron-sized range.

Theory of DEM

The Discrete Element Method (DEM) is founded on the fundamental assumption that particles are rigid
bodies. Within the DEM framework, there are two primary models: the hard sphere model and the soft
sphere model, each with distinct approaches to handling particle interactions and the associated
fundamental equations. In the hard sphere model, particle collisions are treated as instantaneous events
with negligible contact duration (contact duration is 0). This model does not consider deformation during
contact. It relies on the equation of momentum exchange, where particle ”overlap” is not permitted, and
collision-induced momentum dissipation is determined by the coefficient of restitution. However, the
hard sphere model encounters limitations when addressing scenarios involving multiple particles
simultaneously in contact, referred to as the many- body contact problem. Conversely, the soft sphere
model con- siders deformation during collisions, assuming that particles maintain the contact for a finite
duration (contact duration is greater than 0). This model introduces a contact force model that allows for
particle overlap to represent deformation. The contact forces and inertia derived from this model are
used to calculate particle motion. Notably, the soft sphere model excels in addressing many-body contact
problems where multiple particles are in simultaneous collision or contact. In this study soft sphere
model was employed for the simulations, the equations utilized are provided. The force exerted between
DEM particles can be described by equation 1 [7], which represents the combined effect of each
component in both the normal and tangential directions. In the formula, the subscripts 'n’ and ’t’
correspond to the particles ’1i’ and ’j,” representing the normal and tangential forces between them,
respectively.

Fij = Fn + Fy (1)

Fn = —ko — na(uij - nij)nij 2)

0 = [Lij = (ri + rj)]nij 3)
Uij = Ui —Uj (4)

where, Fi j is the force that particle i receives from particle j, Fn is Normal component of the force that
particle i receives from particle j, Ft is Tangent component of the force that particlei receives from
particle j, k is Spring constant, #n is Viscous coefficient of the dash pot.

The equation that expresses the contact force in the tangential direction Ft is the following [7]

Fo = —ni(uij — (Uij - nijnij) ®)

Particle equation of motion is [7]
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where, u is Fluid flow velocity, P is Fluid pressure, p is fluid density. The subscript ’1’ indicates that
these variables pertain to the particle denoted as ’i.” Additionally, *u;,” m;,” and ’di’ respectively denote
the velocity, mass, and diameter of the individual particles marked as ’i.’

Time step for particle motion based on the stability limit shown below [7].

dte,, = 0.25 \/% ©)

Simulation Setup

Flow-3D software was employed to perform the simulations. In this study, a model was created using a
mesh size of 0.05 mm, and the substrate had a thickness of 40 microns, with a recoater of 0.05 mm,
forming a rectangle shape as illustrated in Figure 1. Two different spreading speeds of 0.1 mm/sec and
50 mm/sec were selected to examine the substantial influence of spreader speed.

Figure 1. Model showcasing the substrate, spreader, and the generated powder before the powder
laying process.

In this study, employed a powder size distribution with D10 at 5 microns, D50 at 26 microns, and D90
at 45 microns, following a Gaussian distribution and AISi10Mg was used. To ensure a sufficient
number of particles and achieve a closer approximation to the original behavior, Python code was
developed that maintains the distribution’s mean and deviation while providing the percentage
concentration of particles at specific sizes. These size concentrations were then used to generate the
particles in the Flow-3D software.

In the initial stage, the powder particles were created, followed by their layering and spreading using a
spreader. The entire process was implemented within the software to replicate the original procedure. A
larger-length substrate was subsequently employed to assess spreading across a broader surface at a
speed of 50 mm/sec. Another simulation involved depositing pow- der solely on the source area, in
contrast to the initial procedure where powder was spread both on the substrate and source area. This
was done to investigate any deviations, as it emulates the initial powder spreading process on the
substrate.

Results and Discussion

Figure 2 illustrates the powder deposited at both the supply place and on the substrate, while Figure 3
displays the pow- der exclusively laid at the supply place. Subsequently, a series of distinct simulations
were conducted to investigate the behavior of powder spreading. Initially, simulations were carried out
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for powder spreader speeds of 0.1 mm/sec and 50 mm/sec, considering powder deposition on both areas,
given that it replicates the typical spreading behavior observed following the initial dispersion. The
results for these simulations are presented in Figures 4 and 5, respectively.

Analysis of Figures 4 and 5 reveals a clear relationship between the increase in speed and powder
spreading density. At very low speeds, the spreading exhibits compactness and even dispersion, while
at higher speeds, there is a noticeable lack of powder at the starting area and increased compactness
towards the end. It’s important to note that these simulations focused on an initial small area to gain
insight into powder dispersion. Notably, these simulation results are consistent with findings from other
research works, as referenced in [5, 6]. Furthermore, the simulations indicate that the shape of the
spreader, specifically the rectangular shape, has a significant impact on the spreading process it also
consistent with research work as referenced in [5].

Figure 2. Laid the powder on both the substrate and supply area.

Figure 3. Model showcasing laid powder only on supply area.

Figure 4. Simulation results for powder spread at 0.1 mm/sec after initially laying the powder
on both the substrate and supply area.

Subsequently, simulations were conducted at a spreader speed of 50 mm/sec with the availability
of powder at only supply section to replicate the initial spreading effect. Figure 6 illustrates the
results, which clearly indicate a lack of consistency and compactness. It can be inferred that, due
to the absence of obstacles from other particles, individual particles are capable of traveling longer
distances, experiencing less loss of momentum over a given distance.
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Subsequently, another simulation was conducted to assess the behavior of powder spreading on a
larger-length substrate at a speed of 50 mm/sec. The results, presented in Figure 7, re- veal that
the spreading is even less effective compared to the smaller-length substrate shown in Figure 5. It
appears that therectangular-shaped spreader does not exert any additional force to compact the
powder or reduce its momentum. Instead, the rectangular shape tends to disperse the powder over
larger areas at higher speeds due to increased momentum.

Figure 5. Simulation results for powder spread at 50 mm/sec after initially laying the powder on
both the substrate and supply area.

Figure 6. Simulation results for powder spread at 50 mm/sec after initially laying the powder
only at supply area.

Figure 7. Simulation results for powder spread at 50 mm/sec over large sub- strate after initially
laying the powder on both the substrate and supply area.

Conclusions

Selective Laser Melting (SLM) in additive manufacturing is a rapidly advancing field with a
plethora of parameters influencing the final component properties. Research efforts are ongoing
to achieve a comprehensive understanding of these influential parameters, including the powder
spreading process. Our study employed DEM-based simulations to elucidate the effects of
spreader speed and shape on micron-sized powder dispersion onto the substrate. Notably, our
findings reveal that at higher speeds, powder dispersion was suboptimal, resulting in a looser
distribution. Additionally, when compared to previous research [5], it became evident that the
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rectangular shape was less effective than the round shape, contributing to the observed less
compact spreading.
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Abstract

This conference article offers a comprehensive study aimed at determining the defects of
AlSil0OMg alloy manufactured using Selective Laser Melting (SLM) technology. The
investigation exclusively utilizes Micro-computed tomography (Micro-CT) imaging data. This
work utilized non-destructive Micro CT analysis as a substitute for conventional testing methods,
yielding significant findings regarding the defect characteristics and their relationship with the
fatigue properties of the material. The analysis of micro-CT data was conducted on three samples
to determine the diameter and volume of the most significant defects present in each sample. The
process parameters (laser power) were utilized to determine the density of each sample. The study
revealed that changes in laser power during the selective laser melting (SLM) procedure directly
impacted the dimensions and magnitude of flaws present in the material. Furthermore, the
determination of defect density was performed for each sample by previously known research
findings. The defect density values for Sample 1, Sample 2, and Sample 3 were recorded as
22.32mm, 81.84mm, and 89.286mm, respectively. The findings suggest that a considerable
quantity of defects is associated with a decrease in material density. The findings, as mentioned
above, underscore the necessity of further refining the process parameters of selective laser
melting (SLM) to improve material density and minimize the dimensions of the most significant
defect. The optimization of additive manufacturing (AM) components is of utmost importance in
enhancing their fatigue performance. The non-destructive XCT porosity analysis method
presented in this study provides information on the internal defects that occur within the material
in comparison to traditional methods. Further detailed investigation and digitalization of XCT
results with simulations and computational tools are part of the ongoing research work.

Keywords: Computed tomography, Defects Energy, Density Selective laser melting.
Introduction

Additive manufacturing (AM) has become a well-established technology that has numerous
possibilities for optimizing products. It is increasingly being utilized to design intricate structures
at low cost and produce lightweight components. Selective laser melting (SLM) is one of the
advanced additive manufacturing (AM) processes that utilize laser energy to melt powder material
directly, producing three-dimensional objects. The powder material is subjected to selective
scanning and melting by the desired component geometry provided by the Selective Laser Melting
(SLM) system in the form of a three-dimensional design. This process is carried out layer by layer,
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with each layer being sufficiently thin to allow for the melting of the powder material through the
application of laser energy [1].

As a result, it has gained significant attention across several industries [2]. Nevertheless, the
presence of porosity defects resulting from the printing process can negatively impact the
mechanical properties and overall performance of components produced through additive
manufacturing. This can pose considerable challenges to the dependability and reproducibility of
this technology. The present progress in detection techniques has facilitated a more comprehensive
and insightful investigation of porosity flaws. Nevertheless, the efficacy of a component
constructed by AM is influenced by various factors, including the properties of the initial powder,
the rate at which the scanning occurs, the thickness of each layer, and the intensity of the laser—
SLM-fabricated alloys commonly exhibit porosity, which can arise from two main sources. The
first source is the failure of the melted powder particles to fill gaps, resulting in pores known as
lack of fusion pores. The second source is the entrapment of gases within the melt pool, leading
to the formation of pores referred to as keyhole pores. Fusion holes deficient in their formation
generally exhibit irregular shapes and tend to possess bigger dimensions compared to the more
spherical keyhole pores.

To assess the suitability of the Selective Laser Melting (SLM) process for industrial and medical
applications, the process must demonstrate a high level of reliability when subjected to cyclic
loading[3]. Specifically, the fatigue performance of SLM parts must be comparable to that of
materials produced by conventional manufacturing methods. Several factors influence fatigue
performance, such as surface roughness, microstructures, and internal defects. These defects have
a detrimental impact on the fatigue life of AM components. Several forms of faults that are
inherent to the Selective Laser Melting (SLM) process and their impact on the mechanical
properties of the material have been documented, as mentioned in the references[4], [5].

The utilization of traditional characterization approaches becomes challenging when dealing with
complex structures, mostly due to the intricate nature of their development. Coordinate
measurement machines (CMMs) have been employed as a dependable means of assessing quality.
The control tool serves as a means of managing and regulating various aspects. Nevertheless, the
identification and assessment of internal characteristics remain essential. The attainment of this
outcome can only be realized through the use of a destructive cutting process.

X-ray computed tomography (CT) Tomography, specifically computed tomography (CT), offers
a potentially effective method for assessing the interior composition of a component. This is
achieved through the use of voxel-based volumetric mapping, which enables the reconstruction of
the object's internal surfaces. CT measurements can be categorized into dimensional aspects. The
topic of discussion pertains to the field of measuring and testing technology. Regarding the matter
of dimensionality, the measurement process involves determining the dimensions of the pore.
Indeed, it is crucial to ensure that the voxel resolution surpasses the dimensions of the smallest
feature. It is necessary to have a requirement, whereas, for testing, only the detection is involved.
When examining faults, it is of significance to consider the least detectable size of the defect. If
the selected volumetric inspection size is adequate, it should be smaller. The partial volume effect
contributes to the presence of contrast [6].
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At present, there exists a limited number of studies that center on the utilization of computed
tomography to characterize additive-produced components. The feasibility of detecting porosity
in 316L stainless steel components produced using selective laser melting was examined by
Ziolkowski et al.[7]. The pores size found was around 70 micrometers. In their study, Leuders et
al.[8] employed computed tomography to identify and analyze the presence of pores in samples of
Ti—6Al-4V that were produced. The process employed for fabrication was selective laser melting,
which achieved a resolution of 22 micrometers. The process control of Direct Metal Laser
Sintering (DMLS) has been investigated by Slotwinski et al.[9] The porosity of the material was
assessed using various characterization techniques, including the Archimedes method,
mass/volume measurements, and X-ray CT imaging. They reported that porosity detection by all
of these techniques was in agreement.

It has been observed that the results obtained from all of these techniques were in concurrence in
terms of porosity detection. The limited body of literature that has been documented thus for
computed tomography (CT) has been employed to detect porosity in additive manufacturing
processes—the production of manufactured components. Several research have conducted
comparisons between it and conventional manufacturing procedures and have found a consensus
regarding the various techniques involved. It is imperative to conduct a comprehensive
investigation of the impact of these factors.

The work aims to investigate the fatigue performances of additively manufactured AISi1lOMg
specimens. These specimens are subjected to micro-CT scanning and analysis for the
identification of the defects. Further, the present study will focus on stress concentration
phenomena and their response under fatigue loading conditions. To analyze the influence of
internal defects during mechanical loading, tomography files will be converted to solid models
and reconstructed so that they can be analyzed using the finite element (FE) technique. Stress and
strain distributions at pores and local stress concentration factors will be studied for their influence
on the mechanical performance of parts.

Theory / Experimental Set Up

Al10SiMg samples were prepared from gas-atomized Al10SiMg powder (mean size 45-60 pum)
using a selective laser melting (SLM) machine. The chemical composition of the powder has been
presented in Table 1. The specimens were manufactured by melting the powder in a layer-by-layer
manner according to the process parameters, as shown in Table 2.

Table 1. AlSi1OMg powder composition (wt. %) and SLM process parameters.

Si Mg Cu Ni Fe Mn Ti Al
10 0.4 0.25 0.05 0.25 0.1 0.15 88
Table 11: SLM process parameters

Sample Laser Scan speed | Spot  size

No. power (W) | (m/s) (um)

1 75 0.6 140

2 275 0.6 140

3 400 0.8 140
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Characterization

The micro-CT is a non-destructive experimental technique that allows the investigation of internal
defects in specimens. Micro-CT inspections of the manufactured specimens were carried out in
the additive manufacturing center EKTAM. The X-ray, in the form of a conical beam emitted by
the X-ray tube, penetrates the test sample and is partially absorbed by it. As, during the
measurement, the sample rotates by 3600, the detector captures numerous two-dimensional
projected images from which a three-dimensional data set of volume elements (voxels) is
reconstructed based on appropriate algorithms and high-performance computers. The schematic
of micro-CT equipment is shown in Figure 1. The three-dimensional defect features were extracted
from micro-CT results using the software VGSTUDIO MAX 3.5.

Various other characterizations will be carried out to understand in detail the defect and the effect
of the defect on the fatigue damage behaviors. Along with simulation, fatigue testing will also be
carried out to validate and compare the results.

Test sample Flat-panel
3 detector

Measurement of
the attenuated

-Ray tube intensity
&Y

Beam
intensity

/

Figure 1. Schematic of micro-CT equipment
Experimental Results / Simulation Results / Discussion

This section highlights the feasibility of utilizing Micro CT data for assessing the fatigue life of
AlSi10Mg alloy components produced through SLM. The non-destructive nature of Micro CT
analysis offers a valuable alternative to traditional fatigue testing methods, reducing material and
time requirements. This innovative approach provides essential insights into defect evolution,
allowing for more accurate predictions of fatigue behaviors. Ultimately, this research contributes
to advancing the understanding of fatigue in SLM-produced AISi10Mg alloy components, with
potential applications in quality control and design optimization.

Three specimens were subjected to micro-CT analysis to investigate defect characteristics,
including size and quantity, with variations in laser power during fabrication. The parameters for
each specimen are detailed in the table below. It was observed that altering the laser power had a
direct impact on defect formation within the specimens. Lower laser power levels resulted in
inadequate powder melting, while excessively high power levels led to evaporation and the
formation of voids, compromising structural integrity.

Energy density E = P/VDT

Where, P: laser power, V: scan speed, D: Spot diameter
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Density calculations for each specimen were performed using Equation 1, yielding defect density
values of 22.32 mm, 81.84 mm, and 89.286 mm for Sample 1, Sample 2, and Sample 3,
respectively. Additionally, micro-CT inspections determined the diameter of the largest defect in
each specimen, measuring at 1.9205 mm, 1.9511 mm, and 1.8369 mm for Sample 1, Sample 2,
and Sample 3, respectively.

Table 3. SLM Parameters and Energy Density

Laser Scan | Spot The The Energy
power(W) | speed | size(um) | diameter | volume of | density
(m/s) of the | the largest | E=
largest defect(mm) | P/vdt
Defect
(mm)
75 0.6 140 1.9205 |0.03 22.321
275 0.6 140 1.9511 | 0.084 81.845
400 0.8 140 1.8369 | 0.0709 89.286
Defects

Figure 2. Picture showing the longitudinal section of the CT specimen

The energy density of faults present in CT data significantly influences the fatigue properties of
additively manufactured (AM) components. In the present work, an examination was conducted
on three independent samples generated using different laser powers, specifically 75, 250, and
400. Notably, discernible patterns were detected in the energy density of flaws. The first sample,
generated with a power output of 75 watts, displayed a relatively low energy density value of 22,
suggesting a greater prevalence of faults. In contrast, sample 2, which was produced with a power
input of 250 watts, exhibited a slightly elevated energy density of 81, indicating a potentially
improved equilibrium between energy density and defect levels. Sample 3, which was produced
with a power output of 400 watts, exhibited the greatest energy density of 89. This value indicates
an excessive amount of energy input and suggests the presence of potentially harmful faults. The
results of this study highlight the significant significance of carefully choosing laser power in
additive manufacturing (AM) processes. It is crucial to avoid excessive energy input, as it might
result in a higher density of defects. This, in turn, can negatively impact the fatigue properties of
the final components. Ideally, it is preferable to utilize a laser power of 250 watts that achieves a
harmonious equilibrium between energy density and defect proportion. This choice aims to
enhance fatigue performance and uphold the general integrity of the component.
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Conclusions

In summary, this research utilized Micro CT analysis to provide significant findings regarding
defect properties in AlSi10Mg alloy components manufactured using Selective Laser Melting. The
results of our study highlight the importance of the size and volume of the biggest imperfections
as critical determinants of material integrity. The investigation demonstrated a clear correlation
between process parameters, defect density, and the quality of the component. A noticeable
reduction in density was found at lower laser power settings, which can be attributed to an
elevation in the presence of faults. Nevertheless, via the augmentation of laser power to 400 W
from the original 75 W, a significant improvement in component density was attained, as seen by
the computed values of 89.286, in contrast to the value of 22.32 observed at 75 W.

Moreover, although there were similarities in the size of the greatest defects observed in the
samples, there were considerable variances in their numbers. This highlights the crucial influence
of defect density on the fatigue life of components. The findings underscore the significant
significance of optimizing process parameters to achieve defect-free additive manufacturing,
hence improving the fatigue performance of crucial components.

In forthcoming times, additional insights will be extracted from the Micro CT data, with a
particular emphasis on its conversion into STL files. The files above will be utilized as input for
conducting finite element analysis through the implementation of Abaqus or any other software.
This will provide a thorough investigation of the behavior of pores under various loading
circumstances. The future work aims to examine the impact of pore size on damage mechanisms,
with a particular focus on evaluating the development of plastic strain in different pores under
varying load conditions. This investigation will help to develop a correlation between process
parameters, defect features, and the fatigue performance of components produced by additive
manufacturing techniques. Based on the data obtained by the XCT measurement analysis, it is
possible to determine the course of the cracks and diagnose places that may be the point of crack
initiation, especially fatigue.
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Abstract

Selective Laser Melting (SLM), an additive manufacturing method, is a method of obtaining 3D
products by melting and solidifying each metal powder layer with a laser using certain process
parameters. In this study, simulations were carried out using COMSOL Multiphysics software at
selected process parameters for SLE method. In addition to numerical studies, experimental
samples will be produced using the same process parameters and the dimensional distortions,
cracks and fractures that occur in the part as a result of thermal stress will be tested and analysed
with Micro-CT device in terms of microstructure. The relationship between energy density and
pore volume is investigated. In this context, as a result of these analyses, the effect of process
parameters on mechanical properties will be examined.

Keywords: Additive Manufacturing, Selective Laser Melting (SLM), Finite Element Analysis,
COMSOL Multiphysics, Computed Tomography (CT), Porosity Analysis

Introduction

Selective laser melting (SLM), one of the metal additive manufacturing methods that have become
widespread in recent years, has become a widely used production method for functional parts in
industries such as aerospace, automotive and healthcare. Unlike conventional manufacturing
methods, this method enables short production time, freedom of design and the ability to produce
complex geometries [1]. The SLM process utilises a high intensity laser source to create a melt
pool on a laid powder layer. The melt cools to the ambient temperature of the pool and solidifies.
A new layer of powder is then laid down and the desired solid model is obtained by repeating this
process [2]. During the SLM process, which is carried out in layers, thermal stress occurs due to
high and sudden temperature changes and this causes dimensional distortions, cracks and fractures
in the produced part. In addition, a poorly chosen combination of parameters can lead to
inadequate powder fusion, keyhole formation and balling. High laser speed and insufficient laser
power result in incomplete powder fusion, which leads to increased porosity. On the contrary,
choosing too high a power for a given speed results in overheating and deeper laser penetration.
This leads to the formation of pores known as keyholes [3].

Experimental studies are partly a trial and error approach, which requires time and cost. On the
other hand, keeping the temperature of the melt pool within a range allowed by the applied process
parameter sets and preventing temperature fluctuations during the process affects the stability of
the production and thus the quality of the final product [4]. However, it is difficult to record the
rapidly changing temperature history caused by the laser with an experimental method. Therefore,
finite element analysis is used to model the SLM process and study its effects on the part [5].
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Travis J. Black and Alexei F. Cheviakov developed a MATLAB code that fills a given volume
with spherical powders for 316L stainless steel powder material, whose average powder radius
was determined using different distributions. In addition, an example of numerical modelling of
the interaction between the laser beam and the melted powder particles in the powder bed 3D
printing process has been examined [6].

On the other hand, the process parameters used are the main factor that causes pore formation in
the internal microstructure of the final product. The effect of process parameters on pore formation
is determined by Micro-CT tests. Dimensional distortions, internal voids and cracks that occur in
the sample due to thermal stress during production can be seen more clearly thanks to this non-
destructive material inspection.

The aim is to analyse process-induced pores in selective laser melting (SLM), an Additive
Manufacturing process. Porosity is one of the most problematic defects in SLM parts; it degrades
part performance and yet is highly sensitive to the parameters of the SLM process itself. Detailed
analysis of SLM pore formations can be performed using computed tomography (CT) technique
to understand the level of porosity under different process conditions. There are different
mechanisms of pore formation in SLM, especially the keyhole pore type caused by energy density
is one of the most frequently encountered pore types. Computed tomography (CT) technique can
clearly reveal the pores in SLM samples. From the CT scan and analysis results, it is seen that
increasing the energy density increases the pore volume. [7]

The MATLAB code developed in this study was developed specifically for the material considered
and the dust distribution was obtained in 3D. Then, it was transferred to the thermal model
developed in COMSOL Multiphysics software and finite element analyses were performed.

With the process parameters considered in the analyses, experimental production will be carried
out with CONCEPT Laser M2 Cusing SLM device and tested and analysed with Micro-CT device.

Material and Method

In this section, the metal powder layer was formed by considering the average radius value of
AlSi10Mg metal powder for the numerical studies of the samples to be produced by SLM method.
The MATLAB code created by Travis J. Black and Alexei F. Cheviakov was revised and spherical
powders with a volume of 1 mm x 1 mm x 0.08 mm were randomly placed according to the weibull
distribution.

Table 1. Material Properties of AlSi10Mg

Material property Symbol Value Unit
Melting Temperature Tm 867(23] K
Melting Interval T +10 K
Evaporation Temperature Tev 274324 K
Latent Heat of Melting Hm 423 x 10523 Jlkg
Latent Heat of Evaporation H,, 1.07 x 107124)] Jlkg
Density Il 2670|23] kg m3
Thermal Conductivity k 113 + 1.06 x 10-5T[23] W/m.K
Specific Heat Capacity G 536.2 + 0.035T[23] Ikg. K
Marangoni CoefTicient dy/dT - 035 x 1073[23] N/m. K
Absorption Coefficient A 0.6 (solid) = 0.3(liquid) —

[5,23]

In addition, CT analysis parameters of the samples will be determined for experimental studies.
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CT Scanning Method

CT (Computed Tomography), one of the non-destructive material testing methods, was used to
evaluate the porosity of the samples. The examination of the finished samples was carried out with
the ZEISS Xradia Versa 510 device (Figure 2). This device consists of the following main parts:
X-ray source, rotary table, specimen holder and detector for recording 2D images. DragonFly
software was used for scanning and data acquisition. X-ray scanning was performed according to
the manufacturer's recommendations and the operator's skills [8]:

Voltage 80 kV

Power: 7 W

Current 87 pA
Resolution: 1024 x 1024
Objective: 0.4X

Voxel Size: 22.64 um
Binning: 2

Projection Number: 2401
Exposure Time: 1s

Figure 1. Zeiss Xradia 510 Versa Device

The CT machine creates images based on the X-rays transmitted by the specimen. Where the
sample absorbs more X-rays the image is darker and where it transmits more X-rays the image is
brighter. Absorption increases with density and thickness and is generally higher for elements with
higher atomic numbers in the periodic table. Magnification in CT instruments is typically achieved
either by using a projection geometry with a point source (as in the Xradia Versa 510) or by using
optical elements similar to a normal visible light microscope. In CT, the specimen is imaged from
different angles over an angular range of 360°. A single image at a given angle is called a
projection. Computer algorithms can be used to reconstruct the internal, 3-dimensional (3D)
structure of the specimen from a series of projections. The reconstructed volume can be visualised
in different ways, for example slice by slice (also called virtual sectioning) or by creating a 3D
view of individual internal features. Figure 3 shows a schematic representation of the working
principle of the CT method and the actual internal image of the device, the position of the specimen
in the holder and the area where the specimen is scanned.
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Objective
Source Sample
—— ¢ [0
(a)

(b)
Figure 2. (a) Schematic representation of the working principle of the CT method, (b) Real interior
view of the Zeiss Xradia 510 Versa device; (G) Sample section (H) X-ray source (I) Visual light
camera (J) Objectives (K) 0.4X Objective (L) Detector assembly (M) Door safety locks

After reconstruction, the CT-scanned 3D models were evaluated in VGStudio Max 2022.1
software (Volume Graphics, Germany). The first step is surface determination to recognise the
shape of the part. Porosity analysis was then used. This analysis shows the pores scanned in each
part in terms of both size and location [8].

Simulation Results

AlSi10Mg alloy tensile specimens, CT scanned on Zeiss Xradia 510 Versa device, were analysed
for porosity using VGStudio Max 2022.1 software. The effect of energy density on pore volume
in the analysis results has been investigated and studies are ongoing.
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Abstract

With the increasing interest in additive manufacturing technology, which brings innovation to the
manufacturing industry with its many advantages compared to traditional manufacturing methods,
innovations have been needed, especially in the production of metal powders used in the SLM,
EBM and DED methods. In contrast to powders produced by gas atomization methods, ultrasonic
atomization method allows the production of powders with narrower particle size distribution and
higher sphericity ratio. In this study, 316L stainless steel powders produced by ultrasonic
atomization and gas atomization were compared in terms of particle size distribution and
sphericity. Production was carried out with different values of electric current, which is one of the
parameters used in the ultrasonic atomization method, and the results were presented graphically
and CT images of the powders were given.

Keywords: Ultrasonic atomization; 316L stainless steel; additive manufacturing; powder
production

Introduction

Additive manufacturing (AM) has been an area that has attracted the attention of many researchers
in recent years due to the innovations and advantages it brings to the sector. The demand for high
quality metal powders has increased with the development of metal AM. Metal powders used in
AM methods must have physical and chemical characteristics such as particle morphology,
particle size distribution (PSD), density, porosity, satellites etc. for a reliable final product [1].
Generally, gas atomization and plasma atomization methods use for the metal powders in the
additive manufacturing methods. Ultrasonic atomization allows the production of metal powders
with narrower particle size distribution and better sphericity compared other atomization methods
[2]. In the ultrasonic atomization method, with the help of ultrasonic vibrations on a liquid
material, metal droplets are formed uncontrollably with the principle of Rayleigh wave instability
and become the desired powder with a rapid cooling rate [3].

This paper summarizes the comparison of ultrasonic atomized and commercially available 316L
stainless steel metal powder in terms of particle size distribution and sphericity.

Methods

Within the scope of the study, stainless steel 316 L powders were analyzed. While the purchased
powders produced by the vacuum inert gas atomization (VIGA) method are produced by melting
the raw material in ingot form, the raw material of ultrasonic atomized powders is in wire form.

Ultrasonic Atomization

Capillary waves develop on the liquid's surface during the atomization process. The energy
distribution, frequency amplitude, and physico-chemical characteristics of the molten metal affect
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the wavelength. The density and surface tension of the liquid at the liquid-air contact are the most
crucial elements. The capillary waves' peaks divide into droplets if the liquid starts to vibrate
because of the ultrasonic frequency [4].

To produce metal powders with the desired quality and properties, the working principle of the
ultrasonic atomization device must be understood well (Figure 1). Firstly, an electric arc is created
between the sonotrode and the non-consumable tungsten electrode to melt raw material. Secondly,
ultrasonic vibrations are transferred from the cold end of the sonotrode, where the ultrasonic
transducer is located, to the hot end through the sonotrode. After that, raw material in the form of
wire is continuously supplied into the pressurized atomization chamber. The raw material exposed
to the electric arc melts as its temperature increases, creating a molten pool on the hot end of the
sonotrode. Under the influence of surface tension, liquid metal droplets take a spherical shape and
are thrown into the inert gas flow with the kinetic energy gained by ultrasonic vibrations. These
droplets cool down and solidify by the convection and radiation processes occurring in the
atomization chamber and are transported out of the atomization chamber under the influence of
aerodynamic forces. Finally, metal powders accumulate in the powder chamber [5].

ATO LAB Plus ultrasonic atomization machine within EKTAM was used to produce the powders
examined in the study. Electrical current values change between 120 A and 150 A. All other
parameters that affect the production (ultrasonic frequency 35 kHz, amplitude 80%, wire diameter
1.2 mm and argon flow 20 I/min) are constant. Under these conditions, three different powders
were produced. In addition to the powders produced by ultrasonic atomization, powders produced
by the VIGA method were analyzed and named as in Table 1.

TUNGSTEN
METAL ROD ELECTRODE
INERT
GAS FLOW PLASMA ARC

POWDER
PARTICLE

Figure 1. Scheme of Ultrasonic [6]

Table 1. Powders and Parameters

Powder-120 120
Powder-135 135
Powder-150 150

Powder-VIGA -
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Powder Property Analysis

Particle size distribution and sphericity measurements of the powders used in the study were
analyzed using the laser diffraction method on the Microtrac MRB Flowsync particle
characterization machine.

To confirm the sphericity analysis and to examine the gases trapped inside the powder grains,
small amounts of samples taken from the powders were imaged on the Zeiss Xradia Versa 510 X-
Ray Micro Computed-Tomography machine within EKTAM.

Results and Discussion
Particle Size Distribution

Particle size distributions of the powders used in the study are shown in Figure 2. Although the
powder produced by the VIGA method has different sizes than the powders produced by ultrasonic
atomization, it appears to have a wide size range. This situation confirms the phenomenon of a
wide range of size distributions, which one of the main disadvantages of gas atomization methods
[7]. The effect of the electric current value, which is another parameter, is seen more clearly in the
D90 value of the produced powders. Table 2 shows that the D90 value of Powder-150 powder is
76.34, D90 value of Powder-135 is 83.65, while the D90 value of Powder-120 powder is 89.12.
The fact that the D10 values of the powders are similar to each and the D90 values decrease with
the increase in electric current shows that the increase in electric current causes the particle size
distribution to narrow.

Particle Size Distribution

e Powder 120

Powder 150
Powder VIGA

Partical Diameter (Microns)

Figure 17. Particle Size Distribution

Table 2. D10, D50 and D90 Values (microns) of the Powders

Powder-120 4122 56.92 89.12
Powder-135 39.11 54.29 83.65
Powder-150 4170 5446 76.34
Powder-VIGA  65.30 86.66 125.10

Sphericity

In powder bed additive manufacturing methods, proper laying of the powder forming the layer is
one of the most important factors affecting production. The high sphericity ratio of the powder
ensures that the layer is in the desired uniformity [8]. It can be seen in Figure 3 that the sphericity
ratios of all powders produced by ultrasonic atomization method are dramatically higher than those
of powders produced by VIGA. Considering the measured particle numbers, 60% of Powder-120,
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56% of Powder-135, and 50% of Powder-150 are higher than 98%, which is a very good sphericity
rate, only 2% of Powder-VIGA could reach this rate.

When the sphericity ratio distribution among the powders produced by the ultrasonic atomization
method is examined, it is seen that sphericity decreases with the increase of electric current at high
sphericity ratio values.

Sphericity of the Powders

m Powder 120 Powder 135

30 Powder 150 Powder VIGA

15 1

Particle Number (%)

o |

5
B || | [ O S R

<0.9 09 091 0,92 0,93 0,94 0,95 0,96 097 09 >099

Sphericity

Figure 3. Sphericity of the Powders

A sample was prepared from the powders produced by two different methods used within the
scope of the study (Powder-135 and Powder-VIGA) and Micro-CT images were analyzed (Figure
4),

At VIGA method, during solidification, the liquid metal can close on itself as the viscosity
increases. It may cause inert gas porosity. By interacting the liquid metal with the inert gas, the
inert gas is trapped inside the powder particles [9], [10]. While inert gas porosity was observed in
Powder-VIGA, no gas porosity was observed in Powder-135. In addition, satellite formation,
which disrupts the sphericity of the powders, is also quite common in Powder-VIGA.

Another aspect that we can clearly observe in Figure 4 is sphericity. While the particles in the
image of Powder-135 are spherical, this is not the case in Powder-VIGA. It is an image that
confirms our particle characterization measurements.

Figure 4. X-Ray Micro-CT images of the powders produced by ultrasonic atomization (left) and
gas atomization (right)

Conclusions

This study discussed the effect of electric current on powders produced by ultrasonic atomization
process and the comparison of powders produced by ultrasonic atomization and VIGA method. A
summary of the results is as follows:

1- The powders produced by the VIGA method have a much wider particle size distribution than
the powders produced by the ultrasonic atomization method.
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2- When micro-CT images were analyzed, much more satellites and gas porosities were observed
in VIGA powders. It is almost non-existent in ultrasonic atomization powders.

3- Ultrasonic atomization powders have much higher sphericity than VIGA powders.

4- As the electric current increases during the ultrasonic atomization process, the particle size
distribution narrows, but the high sphericity of the powders decreases.
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