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Abstract

Additive Manufacturing (AM) is a key driver of Industry 4.0, with metallic AM, in
particular, driving innovation in the production of materials with tailored geometrical,
functional, and aesthetic characteristics. This has led to a new era of material science,
providing an understanding of the physical and chemical phenomena related to AM pro-
duction. However, until recently, the study of defects in additive manufacturing has been
considered only as a characteristic of AM processing.

To achieve a repeatable, reliable, and sustainable process, defects in AM must be cate-
gorised by their origin, and their consequences on the final 3Dobject properties must be
understood. Metal AM defects differ greatly between solid-state-based AM (SSAM) and
liquid-state-based AM (LSAM) processes. In SSAM, densification occurs without melt-
ing or partial melting, while LSAM achieves full melting, resulting in different mecha-
nisms of defect emergence.

Detecting defects in AM is crucial for qualifying AM parts for critical uses. Non-
destructive testing (NDT) is essential, and micro-computed tomography (1 CT) is a unique
tool for defect observation in small metal parts. uCT is capable of assessing defects with
a resolution in the micron order and can be used to construct a digital twin that mod-
els 3Dobject mechanical properties and consolidation behaviour, which is essential for
critical/structural AM applications.

This work selected two representative processes of SSAM and LSAM for defect ob-
servation through uCT: Material Extrusion (MEX) and Selective Laser Melting (SLM).
Stainless Steel 316L (AISI) was used due to its high densification, good mechanical prop-
erties, and ease of handling and processing.

The work revealed feedstock, shaping, and consolidation defects in SSAM. The influ-
ence of shaping parameters was highlighted through a test group encompassing shaping
optimisation using 4 CT. This tool was shown to be useful not only for defect observation
but also for defect reduction and optimisation when coupled with a deep understanding of
material science.

LSAM research focused on establishing the capacity for defect observation in small parts
and assessing its capability when used on highly dense objects with different microstruc-
tures. Copper was used as a defect inducer due to its known processing difficulty with
conventional SLM. Defect emergence was then compared to a tailored copper:steel alloy
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that altered the melting dynamics and material response. uuCT was proven capable of
assessing density improvement and adequate alloy mixing.

Finally, LSAM was studied using four stainless steels with increasing carbon content,
highlighting the role of microstructure in the mechanical properties of materials processed
through SLM. uCT was capable of providing more information than commonly used den-
sity methods, assuring high density while being impervious to phasic or microstructural
defects.

This work can serve as a guide for adequate material characterisation with the fewest
possible steps, streamlining the 3Dobject qualification procedure through the develop-
ment of standards for NDT qualification of AM-produced 3Dobjects.

Keywords: Additive Manufacturing, Defects, Material Extrusion, Selective Laser Melt-
ing, Micro-computed tomography.



Resumo

A fabricacdo aditiva (FA) € a tecnologia de fabricacao principal no contexto da Industria
4.0. O FA de metais, em particular, tem liderado a inovagao cientifica na producao de ma-
teriais com caracteristicas sob medida, sejam elas geométricas, funcionais ou estéticas.
Uma nova era de ciéncia dos materiais desenvolve-se ao providenciar um conhecimento
profundo dos novos fenémenos fisico-quimicos relacionados com a FA. Nao obstante, o
estudo de defeitos em FA estd apenas atualmente a ser considerado mais que uma carac-
teristica do FA.

Os defeitos em FA devem ser categorizados pela sua origem. Para além disso, as suas
consequéncias nas propriedades do objecto3D devem ser compreendidas a fim de con-
seguir um processo reproduzivel, fidvel e sustentdvel. Em FA metdlico, dois grupos de
processos podem ser distinguidos no que concerne os defeitos: FA em estado sélido
(FAES) e FA em estado liquido (FAEL). O primeiro grupo, FAES, abrange os proces-
sos onde a densificagdo ocorre sem fusdo ou com fusdo parcial. Devido a esse facto, os
mecanismos de origem de defeitos sdao largamente diferentes do que a sua contraparte,
FAEL, onde ha fusdo do material.

A importancia da dete¢do de defeitos em FA estd ligada a capacidade de observar o
tamanho, localizagdo e geometria dos defeitos sem comprometer a aplicabilidade dos
objectos3D. Os testes ndo-destrutivos (TND) sdo essenciais na qualificacdo de objetos
fabricados por via aditiva com aplicagdes criticas/estruturais. A microtomografia com-
putadorizada (UCT) é, neste contexto, uma ferramenta tnica na observacdo de defeitos
em objetos metalicos de pequena dimensdo. Capaz de detetar defeitos com uma resolugdo
na ordem do micron, é, para além disso, capaz de construir um gémeo digital que podera
ser usado na modelacdo das propriedades mecanicas e comportamento a consolidagdo,
essencial em FA para aplicacdes criticas/estruturais.

Neste trabalho, duas tecnologias representativas dos processos de FAES e FAEL, para
pecas de pequena dimensdo, foram selecionados para a observacdo de defeitos através
de uCT - Extrusdo de Material (MEX do inglés material extrusion) e Fusdo Seletiva por
Laser (SLM do inglés selective laser melting). O ago inoxidavel 316L (AISI) foi pro-
cessado através de MEX e SLM. Este material é considerado como uma referéncia no
FA metalico. A auséncia de transformagdes de fase na gama de temperaturas de proces-
samento do MEX e SLM, aliado ao baixo contetido de carbono, conduz a uma elevada
densificagdo e boas propriedades mecanicas, mantendo a facilidade de processamento e
manuseamento.

11
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Os defeitos em FAES forem estudados, recorrendo aos defeitos originados em MEX.
O presente trabalho revelou defeitos origindrios na matéria-prima, no fabrico e na con-
solidacdo. A influéncia dos parametros de fabrico € destacada através da produgdo de
um grupo de testes que engloba a otimizacdo de parametros recorrendo ao uCT. Conse-
quentemente, foi mostrado que esta ferramenta poderd ndo sé ser usada para observacao
de defeitos, mas para a sua reducdo e otimizacdo, quando aliada a um conhecimento pro-
fundo da ciéncia de materiais.

A investigacdo em FAEL, neste trabalho, teve dois focos principais. Estabelecer a ca-
pacidade de observacdo de defeitos em pecas de pequena dimensao e estabelecer essa ca-
pacidade quando usado em objetos de elevada densidade, qualquer que seja a microestru-
tura obtida. O cobre foi selecionado como um material que induz defeitos devido a sua
conhecida problemdtica em ser processado através de SLM convencional. O apareci-
mento de defeitos em cobre foi comparado com uma liga de cobre:ago (316L) que alterou
fortemente a dinamica de fusdo, e obviamente, a resposta do material. A utilizacdo do
UCT foi comprovada como capaz de confirmar o aumento de densidade e a mistura de
liga adequada.

Finalmente, o FAEL foi estudado aquando das condi¢des de fabricacdo sao favordveis a
uma elevada densificacdo, recorrendo a quatro acos inoxiddveis com um crescente quan-
tidade de carbono. Este trabalho sublinhou o papel da microestrutura nas propriedades
mecanicas de materiais fabricados por SLM. O uCT foi capaz de acrescentar mais infor-
macao que os métodos convencionais de medi¢do de densidade, assegurando a elevada
densidade dos objectos3D enquanto imune aos defeitos fasicos/microestruturais.

No geral, este trabalho pode ser considerado como um guia para a caracterizacao de ob-
jetos3D recorrendo ao menor nimero de passos. Isto pode assim agilizar o procedimento
de qualificagdo de materiais produzidos por FA através do desenvolvimento de normas
para a qualificacio ndo-destrutiva destes.

Palavras-chave: Fabrico Aditivo, Defeitos, Extrusdo de Material, Fusdo Seletiva por
Laser, Micro-tomografia.
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“Weakness of character is the only defect which cannot be amended."

Francois De La Rochefoucauld

“By nature we have no defect that could not become a strength
no strength that could not become a defect”

Johann Wolfgang Von Goethe

“In a true zero-defects approach, there are no unimportant items."

Phil Crosby
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Introduction

Additive manufacturing (AM) is an inescapable reality. Customers demand celerity,
customisation and constant innovation, in pair with local and European goals for sustain-
ability and efficiency. In response to this new worldview, the industry is adapting itself
to new pillars of development, achieving what has now been established as a new indus-
trial revolution. This is an inevitable consequence of market demands and the growing
cost-efficiency needed in a globalised world, in tandem with the technological advances
made in the last decennia. The interconnectivity between all cyber-physical technologies
has been designated by industry 4.0 [1,2]. The new possibilities brought by these tech-
nologies have a significant impact on industry standards and methodologies, disrupting
conventional fabrication procedures. More efficient materials and manufacturing sustain-
ability, by reducing waste and bringing fast adaptation to ever-changing industries, are
developed. AM was the only manufacturing process resulting from this new 4.0 revolu-

tion.

Metal additive manufacturing (MAM) had enormous growth in the last few years due
to the huge and valuable market for engineered metallic 3Dobjects [3]. The possibil-
ities in MAM are endless: new designs with “impossible” geometries, complex inter-
nal systems (e.g. constructal cooling systems); new structural and functional designs of
parts/systems/devices; sensorisation for new characteristics and applications; and elimina-
tion/reduction of secondary processes, like welding. These are associated with the weight
reduction of materials, and decreasing waste, which can effectively improve sustainabil-
ity [4]. In MAM, there is a possibility of separating the processes into two distinct groups:
solid and liquid-state-based additive manufacturing. Solid-state-based AM (SSAM) pro-
cesses do not reach the material melting temperature or only achieve it partially during
sintering. SSAM commonly has the thermal energy applied in a series of fabrication steps

to achieve the final part in an SDS approach (Shaping, Debinding and Sintering) [5].

In what concerns liquid-state AM (LSAM), the energy is directly applied to the feed-
stock, and a metallic 3Dobject with different topographies is achieved. The melting point

1



is reached (liquid state) in LSAM, which origins a complex history on the final 3Dobject,
without post-heat treatment, due to successive heating and cooling cycles of the subse-
quent layers. 3Dobjects with non-standard properties often result from the processes (e.g.
high hardness and tensile strength associated with a low fatigue resistance). Due to the
difference in the main thermal energy application in SSAM (e.g. SLS, MEX, BJT...), it
is possible during sintering to promote new metallic materials (i.e. intermetallic, high en-
tropy alloys, metamaterials. .. ), as demonstrated by the extensive knowledge from metal

injection moulding, for the same conditions.

Whatever the additive processing selected, defects are a characteristic/consequence of
the relationship between materials/technology. A non-atomic defect is “an imperfec-
tion or abnormality that impairs quality, function or utility” [6]. They can contribute
to an enormous influence on the behaviour of the additive manufactured 3Dobject. MAM
presents a unique set of recurring defects that are mainly connected to thermal energy
material response. Consequently, this means that an effective optimisation of particle
powder characteristics and processing parameters can largely mitigate defect formation.
However, a completely defect-free 3Dobject is yet impossible to achieve, even with con-
ventional powder manufacturing methodologies. Nevertheless, this may not disqualify the
3Dobjects for use in critical applications. A sustainable knowledge of defect formation
causes and consequences must be the focus for the qualification of AM 3Dobjects. More-
over, the properties of 3Dobjects can be predicted if sufficient information is retrieved
from the 3Dobject characterisation and accounted for in specific applications. Thus, de-
fects must be observed through a holistic approach, from feedstock to final 3Dobject, and
accounting for the consequences of each step in the intended end user application of those
objects [7-9].

This major obstacle supports a new age of material science engineering, with a new
perspective regarding physical and chemical transformations of the materials through-
out these complex manufacturing techniques [10, 11]. Many variables can influence the
building of AM parts, and new tools and methods are emerging to respond to these new
challenges. Destructive characterisation techniques are, in general, utilised to analyse
deterministic defects. However, they can impair the part for further analysis and cannot
provide information regarding stochastic defects. X-ray micro-computerised tomography
(uCT) is one of the most promising characterisation techniques proving to have an essen-
tial role in AM. Denominated a non-destructive testing (NDT) technique, this allows the

defect inspection without damaging the analysed object.

CT scan shows the defect by multiple slices. Defect morphology and dimension could
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be easily acquired. The defect can also be reconstructed into a 3D model for the best
visualisation. Based on the results, uCT can be considered an appropriate way of detect-
ing defects in additive manufactured parts. uCT is suitable to detect stochastic defects,
whatever the parameters selected, depending essentially on the analysed material. uCT
uses an x-ray beam to radiate a rotating 3Dobject. The attenuation of the beam is detected
on a flat panel, and a projection is obtained. A 3D high-resolution representation of the

selected volume is achieved by rotating the object as low as hundreds of nanometers [12].

Since reproducibility and properties dispersion are the major drawbacks for qualification
MAM parts, uCT must be used as an essential tool for predicting their behaviour when
used in conjunction with other characterisation techniques, e.g. SEM (EBSD), from feed-
stock to 3Dobject. This procedure allows an accurate knowledge of defect location, size
and shape. Moreover, it also contributes to the detection of chemical heterogeneities that

may occur.

The main thesis work focuses on defect detection for two representative MAM technolo-
gies applied to 3Dobject manufacturing: Material Extrusion (MEX) and Selective Laser
Melting (SLM). MEX is an emergent technology normally used to build a 3Dobject with
low thickness. Its methodology was supported by the extensive knowledge acquired in the
homothetic formative process denominated PIM. Through filaments made by feedstocks
with a similar high metal/ceramic volume ratio [13]. For this solid technology, state of
the art is almost non-existent. The research work performed concerns stochastic defects
and is focused on 3Dobjects resulting from liquid processing. SLM is one of the leading
established liquid technologies for structural metal AM parts and is already being used in
industries like aerospace, medical, and automotive regularly. However, the influence of

microstructure from process characteristics is not highlighted.

Whatever the type of additive manufacturing selected, the presence of defects can con-
tribute to an enormous detrimental influence on the mechanical behaviour of the additive

manufactured 3Dobject.

The main objective of the present study is to reinforce the quadrinomial: material-
processing-properties-structure (micro-) on two of the most promising technologies of
additive manufacturing: SLM and MEX. This can support the welcome of the modelling

approach, which could contribute definitively to a sustainable methodology.



Motivation and Goals

In the frame of the present thesis, three main goals are achieved, as follows:

- Establishment of gCT as an essential tool for MAM, evaluation of significant de-
fects in SSAM and LSAM;

- Defects analyse on SSAM and LSAM processes: non-ferrous and ferrous metallic

materials;

- Highlight the role of the new microstructures resulting from LSAM of the same

types of steel (stainless steel).

This research work intends to be a guide to establish an effective qualification method-
ology for modelling AM 3Dobjects for sustainable applications using advanced charac-

terisation methodologies.

Scientific Outputs

Various scientific works were published as a result of the research presented in this thesis.
Published papers (Appendixes)

* D. Gatoes, R. Alves, B. Alves, and M. T. Vieira, ‘Selective Laser Melting and
Mechanical Properties of Stainless Steels’, Materials, vol. 15, no. 21, Art. no. 21,
Jan. 2022, doi: 10.3390/mal15217575. (Appendix A)

* F. Cerejo, D. Gatoes, and M. T. Vieira, ‘Optimisation of metallic powder filaments
for additive manufacturing extrusion (MEX)’, Int J Adv Manuf Technol, vol. 115,
no. 7-8, pp. 2449-2464, Aug. 2021, doi: 10.1007/s00170-021-07043-0. (Ap-
pendix B)

* C. Santos, D. Gatoes, F. Cerejo, and M. T. Vieira, ‘Influence of Metallic Powder
Characteristics on Extruded Feedstock Performance for SSAM Additive Manufac-
turing’, Materials, vol. 14, no. 23, p. 7136, Nov. 2021, doi: 10.3390/ma14237136.
(Appendix C)

* P. Carreira, D. Gatoes, N. Alves, A. S. Ramos, and M. T. Vieira, ‘Searching New
Solutions for NiTi Sensors through Indirect Additive Manufacturing’, Materials,
vol. 15, no. 14, p. 5007, Jul. 2022, doi: 10.3390/mal15145007. (Appendix D)

Conference papers:
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* D. Gatoes, A. Mateus, C. Azevedo, R. Santos, and M. T. Vieira, ‘Adjustment of
Selective Laser Melting parameters as function of different geometries of metallic
components to improve dimensional and surface quality’, in Dimensional Accuracy
and Surface Finish in Additive Manufacturing, KU Leuven, BE, October 2017, KU
Leuven, BE, Oct. 2017.

Posters:

¢ D. Gatoes, R. J. Santos, P. Carreira, A. Mateus, and M. T. Vieira, ‘Selective Laser
Melting (SLM) Fabrication of Shape Memory NiTi functional parts’, presented at
the PMTI 2017, Xi’an, China, Sep. 2017. (BEST POSTER AWARD)

¢ D. Gatoes, A. Mateus, and M. T. Vieira, ‘Surface characteristics of austenitic stain-
less and tool steel parts manufactured by Selective Laser Melting’, presented at the
Materials 2017, Aveiro, Portugal, April 2017.

* D. Gatoes, R. Alves, H. Reis Marques, A. Mateus, and M. T. Vieira, ‘Influence
of protective atmosphere on the mechanical properties of 420 Stainless Steel (AISI)
processed by Selective Laser Melting (SLM)’, presented at the Jornada de Materiais
Estruturais, Lisbon, Portugal, June 2019.

Thesis Structure

This document is divided into six chapters. The driving force of the document is to
demonstrate a practical methodology for the detection and characterisation of defects. The
influencing factors that contribute to defect emergence in each selected technology must
be laid out. A detailed state of the art of the known physical and chemical phenomena that
occur within the process is necessary to understand the defect origin and how to mitigate
its occurrence, in the most detailed manner, with a deep connection between additive

manufacturing & material and mechanical properties.

After the introduction, Chapters 1 and 2 concern the state of art of additive manufactur-
ing processes and the detection/characterisation of defects focused on additive manufac-

turing processes.

Chapter 3 concerns the particle powder materials and techniques and methodologies
used for the prosecution of the work. Moreover, detailed information regarding 3Dobject

production is achieved.



Chapters 4 — Study of the defects in SSAM (MEX) resulting from homemade feed-
stock filaments and compares it to commercial alternatives. Then, a large test group with
different layer heights and strand widths is analysed regarding defect origin. Finally, con-
solidation analysis is linked to feedstock and green defects, and NDT possibilities are
discussed regarding defect prediction and observation. The powder material selected for

3Dobject was stainless steel 316L.

Chapter 5 - Study of the defects in LSAM (SLM) resulting from pure copper with and
without addition of stainless steel alloy.

Chapter 6, a case study of SS 3Dobject manufactured by SLM using similar powder and
SLM parameters, with maximum densification of 99%, to highlight the effect of different
carbon contents in the microstructure and mechanical properties (strain, tensile stress and

hardness) induced by the processing.

Finally, the conclusions and detailed future research work that can be achieved from this

work are proposed.

Thesis Outline

Figure 1 summarises the thesis outline in a graphical way.
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Chapter 1

State of The Art

1.1 Metal Additive Manufacturing

Industry 4.0 has developed from utopia to reality in the last few years. The conjunc-
tion of the different disruptive pillars (Additive Manufacturing, Augmented Reality, Au-
tonomous Robots, Big Data and Analytics, Cloud, Cybersecurity, Horizontal and Vertical
System Integration, Internet of Things, Simulation) (figure 1.1) are bringing forward the
full potential of the industry to adapt itself to a constantly changing world. The global
market now depends on an ever-growing exigent customer base who want celerity, cus-
tomisation, and sustainability without cost increases. The industry has to adapt by being
closer, faster, and more innovative. This demands more industry investment in research
and development and exclusive know-how that differentiates the product, being at the

forefront of innovation [1].

In this new industrial revolution, Additive Manufacturing (also designated over time
as additive fabrication, processes, techniques, additive layer manufacturing, layer man-
ufacturing, solid freeform fabrication, and freeform fabrication [15]) is the only disrup-
tive technology present [16]. Its capacity for fast adaptation, customisation, freedom of
design, weight and waste reduction is highly appealing for the new industrial perspec-
tive [10]. The industry of the future must have agility and flexibility in its production
while product complexity is rapidly increasing. AM processes fit these demands by being
cost-effective for low production volumes and high-complexity applications. Due to their
associated digital process, a rapid adjustment of the design and product iterations can be
made with great agility, answering the 4.0 market paradigm since the consumer will have

an almost unlimited range of products chosen to customise [17].

9
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Figure 1.1: Pillars of Industry 4.0 [14].

ASTM designated AM as a “process of joining materials to make parts from 3D model
data, usually layer upon layer, as opposed to subtractive manufacturing and formative
manufacturing methodologies” [15]. The AM process starts with a 3D model in a
computer-aided design (CAD) file, later translated into a stereolithography file (STL),
rendering the solid surface into a series of triangles, known as tessellation [18]. Although
many alternatives to STL have appeared, like AMF, it still is the most relevant file type.
This file is usually input into another software, such as Magics, Cura or PrusaSlicer,
which defines, through a series of user preferences, the path of the AM tool, deposition
parameters, and, if necessary, supports to overhanging features. Then, the 3D model is
divided layer by layer with a user-defined height in a step called slicing [19]. When
the feedstock is loaded and the resulting file is fed into the machine, the shaping can be
started [20]. Low-level user input should be required during processing, which is primar-
ily automatic. However, feedstock and process preparation requires technical prowess, a
trained user, and continuous inspection to guarantee that no unexpected error may have
occurred during fabrication [21]. Finally, despite some AM techniques being able to at-
tain a near-net-shape 3Dobject after shaping, post-processing is almost always required

to achieve a serviceable part (figure 1.2) [22].

AM was initially developed for, and only limited to, polymeric materials. Still, the re-
quirement and possibility of producing metal parts were observed early on, mainly driven
by the powder metallurgy knowledge, which is tightly connected to MAM and is the
basis for the bulk of these technologies [24]. On a historical note, MAM starts with Se-
lective Laser Sintering (SLS), recognised as the first metal AM technology. It allows the

layer-per-layer sintering of metal powder particles. It was first developed 30 years ago
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Figure 1.2: General process flow in AM [23].

in Austin, Texas, and the first 3Dobject, “Betsy”, made of a mix of copper, tin, and Pb-
Sn solder, was achieved by Frayre and Bourell [25]. Due to the low laser power, only
partial sintering was attained, resulting in the very high porosity of the 3Dobject. The
main technological disadvantage was the low laser material absorption due to the high
laser wavelength. The development of more powerful and efficient lasers, with lower
wavelengths, like the Ytterbium fibre laser, allowed for the complete melting of powders,
achieving higher densities, in a process referred to as Selective Laser Melting (SLM) [26].
In alternative to powder bed fusion processes, Direct Energy Deposition (DED) was then
developed as a process not dependent on the powder bed, feeding the feedstock to the
energy source directly, like wire and powder [27]. After SLS, Binder Jetting, which uses

inkjet printing to deposit metal powder mixed with a binder, was then introduced at MIT.

Metal and its alloys are the main focus of the scientific community, as it carries the
most industrial interest, complexity and the most promising added value applications [28].
Moreover, the complexity of the metal additive processes must be recognised when eval-
uating the scientific importance of these processes [10]. Figure 1.3 shows the number of
scientific publications on the themes regarding MAM, mainly SLM, MEX and BJT, as

well as the prevalence of steel on these technologies.

MAM can produce virtually unlimited geometric complexity, allowing customisation,
improving performance, reducing development times, and eliminating process steps, like
tooling, while being low cost and effective [1]. These advantages lead to MAM being
applied in several fields, such as aerospace, automotive, and medical devices, where flex-

ibility and functionality are particularly significant [29, 30].

ISO/ASTM classified MAM processes into seven categories: material extrusion, mate-

rial jetting, binder jetting, sheet lamination, vat polymerisation, powder bed fusion, and
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Figure 1.3: Number of AM related articles throughout the last two decades [28].

direct energy deposition [15] (figure 1.4). Two main process groups can be distinguished,
solid or liquid-state-based technologies. The main difference between them is that no
melting or only partial melting is achieved in the solid state, and complete melting is

required in liquid-based additive manufacturing [31].

Figure 1.4: Types of AM processes [32].

The most relevant MAM processes are, for liquid-state processes, powder bed fusion
(PBF, e.g. SLM) and DED, and for SSAM, MEX and BJT. In PBF, a powder bed is
selectively scanned by thermal energy. DED requires that focused thermal energy melts
the material as its being deposited. Regarding solid-state processes, the MEX process
involves selectively extruding material through an orifice or nozzle, and in BJT, a liquid

bonding agent is deposited to join powder.

The growth of MAM has shown great potential, but two of the main hurdles to fully

implementing these technologies are the capacity to be repeatable. This is mainly due to
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the intrinsic defects related to the complex set of physical and chemical changes brought

by a new processing paradigm, which will be explored in this work [33].

Furthermore, the material range for each technology is still minimal, where liquid-state
additive processes are more affected in what concerns highly-conductive materials. The
challenge in material development when melting (PBF/DED) is related to the complex
interactions that occur when there are consecutive material fusion (e.g. the loss of car-
bon in high-carbon steels due to laser interaction leading to vaporisation) [34]. These
paradigm changes from conventional materials result in the choice of metastable materi-
als within processing temperatures that have more reliability and similar characteristics to

their subtractive manufactured counterparts [3].

Due to the announced difficulties in controlling material properties, SSAM has been
assumed as an alternative. Through polymeric vehicles, indirect processes can emulate
debinding the polymeric counterparts, with the difference that they are mainly constituted
from metal powders. These metal powders in a polymer matrix must be higher than 50
vol.% [35]. The use of MEX and Binder Jetting is a viable alternative to LSAM since
they use a similar manufacturing process to PIM.
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1.2 Solid-State Additive Manufacturing

Material extrusion is a process in which material is selectively dispensed through a noz-
zle or orifice [15]. MEX was initially developed for polymer extrusion under the name
of Fused Deposition Modelling (FDM™), marketed by Stratasys, and patented by its co-
founder Scott Crump in 1991. However, the term was broad, and the denomination Fused
Filament Fabrication (FFF) became more common to refer to MEX using filament as
feedstock. However, in the last few years, the process name MEX has become blended
with the technology of extruding polymers with metallic or ceramic powder particles in

general, in volume concentrations higher than 50% [36,37].

Metal MEX promotes, by combining a polymeric binder (and additives) with metallic
powder particles promotes new capabilities to process metals as polymeric materials. This
methodology name evolved with the same pattern as its polymeric counterpart and was
first introduced as Fused Deposition of Metals (FDMet) and then associated with FFF,
metal FFF (or MF?) [38].

Moreover, MEX technology is cheap, easy to use, simple and very low-risk while having
a wide selection of materials [39]. MEX methodology is inspired by the combination of
FFF with PIM, acting as a shaping substitute to injection moulding, in an SDS (shaping,
debinding, sintering) approach [40]. In both technologies, a feedstock must be produced.
In general, using a polymeric binder with metallic powder particles in a high concentration
and, in MEX, some addition of polymeric additives is necessary to promote flexibility and

toughness of the filament [41].

MEX involves two steps: first, the materials must be selected considering the rheolog-
ical properties, which are related to the optimal powder concentration; after, an effective
mixing must be achieved using the selected materials. For the next step, shaping, PIM
technology differs by injecting the feedstock into a mould, producing a green 3Dobject
(object prior to consolidation). Alternatively, MEX uses an FFF 3D printer for the same
effect. Subsequently, in a similar method, to produce a fully ceramic/metallic object, the
green 3Dobject must undergo a debinding process, creating the denominated brown. The
brown must contain no polymeric components, which should have been totally ustulated,
and the previously selected shape. Finally, a sintering process consolidates the powders
into a fully dense 3Dobject (figure 1.5) [42].

The similarity between the two processes - MEX and PIM - makes them share almost the
same advantages and disadvantages. PIM technology requires a mould, making the pro-

cess extremely expensive for small series and complex 3Dobjects, that require complex
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Figure 1.5: Steps in MEX production [42].

moulds, which are very difficult to achieve and make the process more costly. Moreover,
AM brought forward the feasibility of 3Dobjects that cannot be produced by any conven-
tional process, which in PIM are governed by mould injection rules. However, the lack of
high extruding pressure in MEX leads to higher inter-particulate space, worsening green
density [43].

On a historical note, the MEX process seems to have appeared around 1996, with an
extensive review of different materials, where are already included several binder system
compositions with good performance (silicon nitride, fused silica, piezoelectric ceram-
ics, stainless steel, WC-Co, and alumina) [44]. Nevertheless, a major patent, US Patent
5738817, from 1998, based on the MEX technology for producing metallic and ceramic
3Dobjects from a particulate-binder system [45] and other alternative AM technologies
hindered the market growth of MEX. The patent existence and the development of LSAM

processes contributed to a decrease in interest in SSAM.

In the last few years, a new interest has been in MEX revealed due to the difficulties and
costs of LSAM processes. LSAM difficulties regarding the production of highly thermally
conductive and reflective materials; maintaining the original material characteristics and
properties; low reproducibility and lack of definitive standards; high equipment costs;
hinder the evolution of these methodologies and open the door to SSAM processes (MEX
or BJT). Since the patent expiration [46], multiple studies on the feasibility of MEX for

different materials have been growing exponentially (c.f. figure 1.3).

Although MEX is commonly associated with FFF, different extrusion types for MEX ex-
ist. They are divided into three categories: screw, plunger, or filament-based (Figure 1.6).
Each type of feeding system requires different feedstock compositions and constituents

in order to guarantee the optimal extrusion conditions [47].

Screw-type extruders use granulates (or pellets) as feedstock. These granulates are

achieved after binder and powder mixing through the use of a granulator to achieve



16 State of The Art

Figure 1.6: Types of extruders used in MEX.

smaller particles. The granulates are fed continuously using the screw rotation, contin-
uously heated above the glass transition temperature (Ty) of the polymer(s) and forced
through the nozzle. This extruder aims to guarantee a similar result to PIM when do-
ing MEX through the presence of higher extrusion pressures. Thus, it allows for the
use of PIM feedstocks, which guarantees material versatility since the PIM know-how is
directly applied without requiring new binder formulas, additives or debinding and sin-
tering test groups. Therefore, the powder content is usually the highest in this type of
system [48-50]. Furthermore, it does not need an extra extruding filament or bar feed-
stock production step. This guarantees no thermal degradation after mixing occurs and
facilitates feedstock handling since other feedstocks are usually brittle. Moreover, the
granulate size must be carefully controlled (less than 5 mm). Screws for MEX are usu-
ally smaller in diameter than in PIM, which affects the feeding system since they are
connected to extruding efficiency. Large granulates can hamper the rotation movement
due to insufficient heat to soften the material. Small granulates can clog the hopper and,
therefore, lead to gaps in extruding, which are detrimental to 3D printing. Air entrapment
is the main consequence of irregular feeding of the screw [51-53]. AIM 3D has solved
some of these issues by including a pneumatic component to the extrusion, guaranteeing
that there is a material buffer to be extruded, but, due to this movement, the feeding is
not continuous, unlike the alternative systems. Direct3D also has a pellet extruder in their
catalogue [54,55].

Plunger-based extrusion can use rods or granulates as feedstock, which is loaded into a
chamber and then subjected to compression pressure, forcing the material to go through
the nozzle. When the plunger is at its end, the printing stops temporarily, the plunger
is brought back to its initial position, the new feedstock is loaded into the compression
chamber, and the process is repeated. This system has the disadvantage of needing to
refill the chamber repeatedly. Feedstocks similar to PIM are usually employed in this
technique since higher extrusion pressure allows for the extrusion of higher loads on the
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rod feedstock. However, like screw-type extruders, special 3D printers must be bought
to allow for the usage of such feedstocks. Commercial systems like Desktop Metal and

Markforged assumed the plunger technique for their MEX systems [56,57].

In traditional filament-type extrusion, a filament based on a feedstock (inorganic material
and polymers) is extruded. The filament is fed to a couple of gears that ensure the path
from the extruder motor to the nozzle. This is an attractive process since no complicated
and expensive equipment development is needed to force the material into the nozzle
(ramming), and no specialised printer is needed. This allows the usage of most low-
cost 3D printers available in the market. However, it is important to consider that the
drive pulley force on the filament may cause plastic deformation and buckle, clogging
the extruder and stopping the process, losing overall process reliability. The filament
production process must consider this behaviour and guarantee sufficient friction with the
pulleys and shear resistance during spooling. This gives rise to many constraints for the
binder system composition [51,58,59]. The last type of extrusion will be the main focus
of this thesis due to its prevalence, low cost, and no commercial attachment being needed

while maintaining the possibility of feedstock modification.
Metal MEX with filament is defined by three steps (figure 1.5):

1. Feedstock production (1.2.1), which encompasses: materials selection (powder,

binder, and additives); torque value in mixing; and filament fabrication;

2. Shaping using a conventional 3D printer equipment (1.2.2), optimising the inputted

process parameters;

3. Debinding and sintering (1.2.3) or consolidation, where the organic component is

eliminated and a final metallic 3Dobject is achieved [60-62].

An insight into each of these steps will be highlighted hereafter.

1.2.1 Feedstock

Materials Selection

Feedstocks are the starting point of the MEX process. While the main concern is the
desired metallic material of the final 3Dobject, all the feedstock constituents should have
a specific purpose to be present. Three different components can be distinguished for the

filament: metallic powder, binder, and additives [63].
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The metallic powder should take into account the particles complete sintering, meaning
that it should be controlled in terms of size, size distribution, shape factor, surface area,

structural composition, and surface topography [42].

Spherical powders are usually recommended for sintering since they have a high specific
surface and allow for a high packing density. Powder size is usually recommended in
the order of 5-20 pum to avoid gas entrapment during debinding while maintaining low
interparticle distance. The powder structure should provide a guarantee that the powder
has the intended characteristics and does not suffer any structural transformation during

atomisation and/or milling [64].

Binder formulation must contain components with physical properties that allow extru-
sion at low temperatures (180-250°C), essential to material extrusion with a low-cost ma-
chine. Also, gradual degradation of the organic constituents is necessary to guarantee the
3Dobject design and to avoid organic residues, like carbon. In fact, the organic residues
must be zero, since they affect the final 3Dobject chemical composition and properties.
Any binder system must be analysed using thermogravimetry sustained by differential
scanning calorimetry (DSC) in order to ensure that within debinding temperatures, all the

binder is eliminated, and the degradation is gradual [65, 66].

Additives are different chemical compounds that confer some characteristics to the feed-
stock, not particularly related to debinding or sintering. A too-significant increase in the
number of additives can result in incorrect properties for the complete debinding of the
green. In PIM, additives are usually employed to facilitate the mixing (i.e. stearic acid)
and reduce the torque, allowing the mixture to be injected. In MEX, the filament must
behave in a way that allows continuous feeding to the printer. This means that it has to
have the ability to go through the path to the gears and then endure the gear shear forces,
be rammed into the nozzle, and then withstand the change in pressure resultant from the
change from 1.75 mm (standard filament diameter) to 0.4 mm of the standard nozzle di-
ameter. Flexibility and stiffness are then the essential characteristics of filaments for metal
AM. Some essential additives to achieve these characteristics are denominated backbone
and plasticisers [67,68].

Mixing

In the MEX context, mixing is obliged to use equipment with a heated chamber and
torque application to the mixed material to induce feedstock homogeneity. Thus, the

mixing temperature should be greater than the softening temperature of each component
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in the binder, but to avoid the decomposition of components, this temperature should
be kept as low as possible while allowing the mixing of the components. The mixing is
usually done using a mixer that is capable of controlled temperature and rotation, ensuring
measuring the mixing torque, that a homogeneous mix is achieved through the analysis
of torque evolution and stability [69-71].

After the material selection, the first step toward filament production is “coating” the
metallic powders with several polymers and waxes (binder and additives) made in a high-
shear mixer until a homogeneous mixture is achieved. The optimal concentration of each
component is usually achieved by the capillary rheometry method, density method or

torque theometry and must be the support for new material selection [72, 73].

The evaluation of mixture torque has been shown to optimise the rheological behaviour
of feedstock for injection or extrusion. These techniques lie on the concept that there
is a point where a maximum feasible concentration is achieved [74]. Particularly, an
in-house developed methodology by Barreiros et al. [75] defines it as the true critical
powder volume concentration (CPCV). CPVC is the maximum inorganic solids fraction
which provides mixing stability. Since the maximum powder concentration is essential
to achieve a high sintered density, a methodology to achieve high powder concentration
while guaranteeing the extrudability of the feedstock is essential. CPVC defines a critical
powder concentration when the binder & additives occupy the space between the particles,

but no excessive interparticle distance exists (Figure 1.7)

Figure 1.7: Wettability in different powder content conditions.

Filament Fabrication

In order to attain the filament for the shaping step, the mixed material must undergo a
granulator, attaining small pellets that can be fed through an extruder. Screw extruders
are generally used for filament production (figure 1.8). The filament is extruded through

a nozzle with a diameter suitable for MEX (usually 1.75 mm) [76].
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Figure 1.8: Filament extrusion process flow [77].

Filament diameter is usually controlled through screw speed. Controlling the screw
speed, or extruding speed can guarantee different diameters. A high-speed increase can
lead to gas entrapment which decreases the filament density. Alternatively, a decrease
in speed can lead to higher torques that may hinder extrusion. The manual setting of
this parameter can lead to a highly inconsistent filament. This is usually connected to
measuring equipment that detects the filament diameter change and sets the extruding
speed accordingly. Gravity can also be used to guarantee that the filament diameter is
as desired. The drop between the extruder nozzle and the surface can be used as a way
to oblige the filament to achieve the correct diameter. The filament diameter variation
should be no greater than +0.05 mm in order to achieve a continuous extrusion when
shaping [78,79].

Various organic material combinations have been developed to guarantee filament char-

acteristics while shaping, stiffness and flexibility.

As established (1.2.1), several binder systems and powder loading can be used for fil-
ament production. Table 1.1 summarizes the common binder systems for PIM and fila-

ments feedstocks which are commercial or were developed in research works.
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Table 1.1: Powder content and Binder System for PIM feedstock and filaments (ND -
non-disclosed).
) Powder Powder size )
Material Binder System Reference
content (dsp)
10.3 um (water
SS ) Paraffin wax (PW),
93 wt.% atomized); ] ) [80]
17-4PH Stearic acid (SA),
(PIM) 12 um (gas (2015)
(ASTM) ] Polyethylene (PE)
atomised)
Polyacetal (POM)-based
60 vol.% [81]
9.77 um (Mould Research, Co.,
(PIM) (2017)
Ltd.)
30% wax, 35% polymer, (8]
60 vol.% 43 um 20% elastomer and 15% (1996)
tackifier (RU1 binder)
22 um
(spherical
powder); ] [83]
58 vol.% ECG2 binder and SA
10 um (2002)
(irregular
powder)
ND (Multicomponent [84]
55 vol.% 12.3 um .
binder) (2017)
ND (Two-component [47]
55 vol.% 12.3 ym .
binder) (2018)
Thermoplastic Elastomer (56]
55 vol.% 12.3 um (TPE) and grafted (2019)
Polyolefin (PO)
POM, Polypropylene 85
60 vol.% 10 um YPropy [85]
(PP) and PW (2021)
ND (Polymeric blended [86,87]
63 vol.% 3.97 uym )
binder) (2022)
Acrylic resin and
SS 316L | 60 vol.% [88]
dgo =22 um cyclohexyl methacrylate
(AISI) (PIM) (2003)

21
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Table 1.1 Continued: Powder content and Binder System for PIM feedstock and filaments (ND -
non disclosed).

PW, PP and LDPP
65 vol.% . [89]
16-22 pym (Low-density
(PIM) (2004)
polypropylene)
LDPE (low-density
62 vol.% polyethylene), HDPE [90]
10.21 um ] ]
(PIM) (high-density (2009)
polyethylene), PW, SA
PW, HDPE, acetic
60 vol.% . [91]
ND acid-vinyl acetate
(PIM) (2010)
copolymer and SA
Two types of binder [92]
83 wt.% ND )
(Virtual foundry) (2019)
POM, PP, DOP, DBP and
[30,93]
88 wt.% 30-50 um Zn0 - Ultrafuse 316X (2019)
(3]
[94]
80 wt.% 30-50 um ¢(3 mm)
(2020)
[95]
88 wt.% 30-50 um ¢(1.75 mm)
(2020)
[96]
80 wt.% 3-15 ym PE and SA
(2021)
[97]
80 wt.% 30-50 um ND
(2021)
o [36]
83.5 wt.% 0.87-76 um Polylactic acid (PLA)
(2021)
[67,98,
88 wt.% 30-50 pym 14 99]
(2021)
[100]
88 wt.% 30-50 um <
(2022)
50 vol.%; ) [101]
6.9 um Polyamide (PA)
55 vol.% (2016)
: [102]
55 vol.% ND ND (Thermoplastic)
(2016)
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Table 1.1 Continued: Powder content and Binder System for PIM feedstock and filaments (ND -
non disclosed).

TPE, three types of PO [103]
55 vol.% ND and two types of
. (2016)
compatibiliser
POM, PO, dispersant,
40-70 and confidential polymer [104]
(0.1-30 um) .
vol.% (BASF patented binder (2016)
system)
TPE, PO and [105]
55 vol.% 6.05 pm L
compatibilizer (2017)
Confidential polymer, [106]
55 vol.% (d90<45 pm) .
TPE, PO and dispersant (2017)
ND (Multicomponent [84]
55 vol.% 15.1 um .
binder) (2017)
ND (Two-component [47]
55 vol.% 8.6 um .
binder) (2018)
[107]
55 vol.% 17.7 um TPE and PO
(2019)
[46]
60 vol.% ND POM and PW
(2020)
[108]
50 vol.% 2.8 um LDPE, TPE and SA
(2021)
10 um; [70]
50 vol.% PP, TPE, PW and SA
30.8 um (2021)
POM, TPE, ULDPE (4]
60 vol.% 9.4 um (ultra-low-density
(2021)
polyethylene)
[109]
65 vol.% 20-53 um LDPE
(2021)

1.2.2 3Dobject Shaping

3Dobject fabrication begins in 3Dobject preparation. A slicer translates the geometry
into individual strands distributed per user input. Interaction between strands of extruded
material must result in bonding between adjacent material lines. This is affected by the

temperature of the nozzle, but other parameters, such as the amount of extruded filament
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per transversal movement (feed rate), speed of the extruding head, nozzle diameter, etc.,
can largely affect the quality of the deposited strand (figure 1.9) [59,110]. Regardless, the
binder system is the driving force for parameter selection and should be carefully consid-
ered since no universal parameters are possible due to different compositions behaving in
different ways [51,76].

Figure 1.9: Shaping parameters in MEX [111].

Numerous parameters influence the quality of MEX 3Dobjects. Selecting the optimal
parameters is crucial for attaining 3Dobjects with high densities. Some of the most rele-

vant parameters are summarised in table 1.2.
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Table 1.2: Shaping parameters in MEX.

25

Shaping .
Explanation Consequence
Parameter
Height of each .
Has an influence on the strand geometry,
Layer layer of . .
. . features/geometric quality, and process
thickness deposited .
. time [112].
material
Affects the rheological properties of the
. extrusion; too low, = clogging may occur
) Heating block ] ]
Extrusion due to insufficient gear force to push the
temperature for .
temperature . filament through the nozzle; too high =
nozzle heating i
causes drooping, and to polymer
degradation [55].
Bed Temperature of Reduces the warping; increases the
e
the printing adhesion between the deposited material
temperature o
surface and the printing surface [113].
Usually carefully controlled when an
Environment | Temperature of enclosure is available, can highly reduce
temperature the enclosure warping caused by rapid cooling of the
strand [114].
The amount of A compensation mechanism for extrusion
Feed rate extruded material for eliminating the disparity between the
(extrusion per XY feeding gear movement and XY motor
multiplier) movement movement. Necessary when the filament has
(mm/mm) some diameter/rheological anomaly [49].
Number of contours, infill angle, seam
The path of the ) ]
creation and type of infill must be carefully
Strategy extruder when ) ] ]
o controlled to achieve the desired 3Dobject
depositing . .
functionality [115].
Infill % 3Dobject inside | Affects 3Dobject mechanical properties and
n
’ density process time [116].
. Essential for the rapid cooling of polymers
. Cooling fan
Cooling 9 that have enough thermal energy for
spee
P movement [117].
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Table 1.2 Continued: Shaping parameters in MEX

Affects the calculated distance between the
strands for optimal densification; a lower
i . than suitable distance may mean higher
Extrusion Strand width ] ] )
. L densification but can lead to clogging and
width prediction ) ) ] )
geometrical distortion; higher values can
lead to a low-density 3Dobject with fragile

features [118].

A uniform deposition with superior extrusion characteristics is developed by numerical
modelling of the extruded strand that allows the optimal selection of printing parameters.

Moreover, this could be used for optimising MEX parameters [119].

Davis et al. [120] designed a method for measuring the bonding strength between two
strands of extruded material. This methodology shows the influence of strand thickness
on the final 3Dobject quality. Other printing parameters, such as temperature and printing

speed, also have a significant influence on the quality of the final 3Dobject.

The other two aspects to be considered regarding the quality of the green 3Dobject are
dimensional/geometrical accuracy and surface roughness. It was shown that even the first
steps of tessellation and slicing could promote geometric errors and aggravate the surface
roughness of a printed 3Dobject. Pérez et al. [121] studied the most important parameters
that influence surface quality for a specific material, concluding that layer height and wall
thickness are critical factors that have a negative influence on the quality of the printed
3Dobject. It was also shown that path, speed, and temperature might have a low influence
when compared to other announced parameters. Powder size and composition can wear
the nozzle, so a suitable material should be chosen for this component function of wear
aggressivity [58,59].

Dimensional and geometrical accuracy must be carefully attested since subsequent steps
exacerbate errors. Literature reports anisotropy in this step since material deposition,
combined with equipment imprecisions and wrong support structure, may increase this
characteristic [110, 122].

Parenti et al. [61] have been trying to show that a hybrid additive/subtractive technology
(green machining) may solve the geometrical error in MEX 3Dobjects, improving surface
finish. This can decrease the need for smaller nozzle sizes, boost production, correct

interior features, and allow shrinking compensation techniques. In parallel with this work,
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Kuriakose et al. [123] take this concept further to micro-milling MEX 3Dobjects with

exciting results.

1.2.3 Debinding and Sintering

Debinding and sintering are the most essential steps in MEX since these two stages can
determine whether the final 3Dobject is achieved or not, independently of the quality of
the green 3Dobject. Thermal processes should be optimised by carefully studying the

3Dobject behaviour at various thermal cycles (holding time and temperature).

Debinding is the elimination of the polymer by thermal processes. It is the most time-
consuming step and one of the most important in the MEX process. Defects in debinding
result from gas trapped inside the 3Dobject, from the organic material degradation. The
debinding process results in separation between powder particles, essential to maintain

the 3Dobject integrity.

Debinding, as a thermal process, can have two consequences: binder flowability im-
provement, and hence it flows out of the desired 3Dobject or binder degradation and gas
removal by diffusion, preferably quickly and efficiently. Due to their composition, binder
and additives degrade at different temperatures in a vacuum or gas atmosphere. Usu-
ally, an inert atmosphere is used to reduce chemical reactions within the organic binder
constituents. Thus, a suitable heat treatment for binder removal is essential for optimal
processing. This process should depend on the knowledge of 3Dobject weight loss and
shrinkage characteristics during the thermal process since stresses may occur inside the
3Dobject, leading to failure if enough diffusion is not achieved for the expulsion of cre-
ated gases. Finishing the procedure is essential to guarantee that the internal gaps will not
cause the collapse/failure of the 3Dobject [56, 74].

Some techniques are used to guarantee this diffusion. Wu et al. [83] covered the 3Dob-
ject with high surface carbon powder to aid the removal of the binder through capillary

suction at low temperatures.

The sintering process (figure 1.10) uses 2/3 to 4/5 of the brown 3Dobject material melt-
ing point to create a liquid phase that bonds the particles together due to free surface
energy and material-related wettability. The selection of powder concerning size and
shape and the sintering procedure is essential to achieve a fully dense 3Dobject since it

undergoes a series of complex physical and chemical changes [124].
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Figure 1.10: Illustration of the sintering process [125].

Similarly to the PIM process, 3Dobject resulting from MEX after sintering can increase
the anisotropy. This is related to 3D printing layer-per-layer wich may affect how the
3Dobject will behave in this process [30,56, 102, 126].

Zhigang Zak Fang (as editor) contributed to one of the most complete compilations of
the sintering process in “Sintering of Advanced Materials” [127], from thermodynamics,
kinetics, and mechanisms of densification to computer modelling and sintering behaviours
of different materials, providing an excellent insight into this technology. Table 1.3 sum-
marises a literature review of sintering temperatures and atmospheres, final density and

powder content.

Table 1.3: Powder Content, Sintering temperatures, environmental atmospheres and final relative
density of sintered steel 3Dobjects.

. Powder Sintering Sintering Relative
Material . Reference
content temperature atmosphere density
SS o
ND Sintering at [128]
17-4PH Ar 98.8-99.2%
(PIM) 1325°C for 2h (2007)
(ASTM)

Pre-sintering

for 15 minat  Vacuum with
93 wt.% ) [80]
1000°C; Ar partial 98.8%
(PIM) o (2015)
Sintering for pressure

2h at 1350°C
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Table 1.3 Continued: Powder Content, Sintering temperatures, environmental atmospheres and
final relative density of sintered steel 3Dobjects

1100°C

60
Sintering at [81]
vol.% Ar 97.5%
1350°C for 2h (2017)
(PIM)
60 Sintering for [44,82]
H; + N» 92-95%
vol.% 1h at 1350°C (1996)
58 Sintering for [83]
H, ND
vol.% 3h at 1260°C (2002)
55 Sintering for [47,84]
ND ND
vol.% 3h at 1050°C (2018)
Pre-sintering
for 1.5h at
55 [56]
900°C; ND 95.7%
vol.% o (2019)
Sintering for
5h at 1380°C
60 Sintering for [85]
Ar 97.3-98.2%
vol.% 2h at 1280°C (2021)
63 Sintering for 96% Ar + [86,87]
96.5-98.6%
vol.% 3h at 1200°C 4% H, (2022)
60 o
SS 316L Sintering for [88]
vol.% Ar 95%
(AISI) 1h at 1350°C (2003)
(PIM)
65 Pre-sintering
for at 1000°C; 95.45- [89]
vol. % ] ] H»
Sintering for 98.35% (2004)
(PIM)
1h at 1360°C
Pre-sintering
62
for at 1050°C; [90]
vol. % ) ) Vacuum 95.4-97.2%
Sintering for (2009)
(PIM)
3h at 1380°C
60 L
Sintering for [91]
vol.% H, 70.3-78.1%
1h at 1380°C (2010)
(PIM)
Sintering at [92]
83 wt.% Ar ND

(2019)




30

State of The Art

Table 1.3 Continued: Powder Content, Sintering temperatures, environmental atmospheres and
final relative density of sintered steel 3Dobjects

30
88 wt.% ND H,/Vacuum 98.5% 150]
(2019)
Sintering for [93]
88 wt. % H, 98.3-99.5%
3h at 1380°C (2019)
Sintering for [94]
80 wt. % H, 82.2%
3h at 1380°C (2020)
Sintering for [95]
88 wt. % Ar 92.2%
2h at 1380°C (2020)
Sintering for 92-99.7% [96]
80 wt. % Vacuum
2h at 1320°C (HIP) (2021)
Sintering for [97]
80 wt. % Ar 97.9-98.1%
3h at 1380°C (2021)
Sintering for
83.5 1h; 6h; and [36]
Ar 72-92%
wt. % 12h at (2021)
1310-1400°C
Sintering for [129]
88 wt. % H, 95.6%
3h at 1380°C (2021)
[98]
90 wt.% ND ND 95%
(2021)
Sintering for [99]
90 wt. % H, 84%
3h at 1380°C (2021)
Sintering for [100]
88 wt.% H, ND
3h at 1380°C (2022)
50
vol.%; Sintering at [101]
H, 89%
55 1250°C (2016)
vol.%
55 [102]
ND ND 97.1%
vol.% (2016)
55 Sintering at [106]
Hy/Ar 88.6-90.6%
vol.% 1100°C (2017)
55 Sintering for [84]
Vacuum ND
vol.% 1.5h at 1250°C (2017)
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Table 1.3 Continued: Powder Content, Sintering temperatures, environmental atmospheres and
final relative density of sintered steel 3Dobjects

55 Sintering for [107]
Vacuum 95%
vol.% 2h at 1360°C (2019)
60 Sintering for [46]
Ar 91-93%
vol.% 2h at 1280°C (2020)
50 Sintering for 97.5% Ar + [70]
75-96%
vol.% 4h at 1350°C 2.5% H, (2021)
60 Sintering at [42]
H, ND
vol.% 1250°C (2021)
65 Sintering for [109]
H» 93%
vol.% 3h at 1380°C (2021)

1.2.4 Post-processing

Low post-processing is needed, in MEX, to attain the maximum quality of the final
metallic 3Dobject. Moreover, the final microstructure resulting from sintering is close
to its conventional counterparts. However, many processes can be used to increase final
accuracy and density. The use of green machining (as previously stated) has been taken
selected for MEX 3Dobjects treatment since the low tool wear means that the cost of
machining prior to sintering is very low. Moreover, it increases the design possibilities
since outward connecting tubes should not be horizontal in relation to the layer growth
direction. Machining allows for this possibility [130]. Final density can be improved
using isostatic pressing, approaching bulk density [131]. Sufficient pressure and tem-
perature avoids defects that can be filled by the surrounding material, largely reducing
or completely eliminating interior porosity. However, material migration can also mean
3Dobject deformation. Consequently, the volume of voids inside the 3Dobject must be
low. Moreover, inside features can be eliminated if pressure is not carefully controlled, as

well as polymer degradation may occur if the temperature is not suitable [96, 131].
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1.3 Liquid State Additive Manufacturing

Selective Laser Melting (SLM) is the most prevalent technology of the PBF process
for metals [3]. F&S Stereolithographietechnik GmbH developed SLLM to produce dense
metallic components from metallic powders, using a high-energy-density laser to melt the

powders layer-per-layer, according to CAD data [132].

SLM has been growing in the industry and is yet the AM technology for able to build
complex small/medium metal parts [133]. This technology starts by depositing a thin
layer of powder inside a closed chamber. After the powder bed is laid on the substrate, a
high-power laser is used to scan the layer selectively. The slicing information file is used
as a guide for the laser beam, melting the powder particles in successive interconnected
melt pools. When the laser scanning path is finished, the platform is lowered, and a new
powder layer is applied, looping the procedure until the component is fully built (figure
1.11).

focus lenses
s J350F i i e laser beam
v v ¥ o Par=\
" v ) ) )
/Y/  moving mirror
manufactured --;
tool to smoothen the - metal part ;- metal powder bed

surface of the powder i
4

—

working chamber ...

powder supply floor of working chamber powder feed supply
can be lowered step by step

Figure 1.11: Schematic of the SLM technology (adapted from [134]).

The build chamber is under inert gas, which avoids forming unwanted compounds,
mainly oxides [135]. Once the part is made, it is completely submersed in powder. The
powder is collected, sifted, and reused until possible (typically 5-6 cycles). The attained
part can be separated from the substrate (base) by electric discharge machining (EDM) or
directly separated from the substrate when using supports [136]. The area of the building
chamber and platform, the number of lasers and the sieving mechanism can be varied, as

well as the laser type and output [137].
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Although the concept of SLM technology is relatively simple, many variables affect the
quality of 3Dobjects during the process (figure 1.12). The main bulk of these variables
cannot be considered parameters since they cannot be fully controlled by the operator
and will be discarded in future discussions regarding the influence of SLM parameters on
the 3Dobjects, but they are important to have in mind and correlate them to the intrinsic

properties and failure/results of producing SLM parts [138—140].

Figure 1.12: Technology variables involved in SLM (adapted from [141]).
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1.3.1 Physical Phenomena in SLM

Understanding the physical phenomena in SLM is essential to know the mechanism of
defect formation. The radiation absorbed by the powder bed promotes the melting of the
powder. This leads to a melting pool, growing in the scanning direction and continuously
cooling as it reaches the solidification temperature. Nevertheless, laser-matter interac-
tion is very complex and dependent on a myriad of variables, as previously shown in
figure 1.12. Whatever the application, mechanisms like heat transfer, molten metal flow,
Marangoni effect and phase transformation are present and influence the quality of the
3Dobject [142].

Melting pool physics are the basis of SLM. Each melting pool can be envisaged as
a construction block. Thus, each layer can be analysed as a collection of overlapped
melting pools. This means that the understanding of the behaviour of the melting pool

and its correlation to the input parameters is essential [143, 144].

Two main factors are essential in the analysis of melting pool quality: depth and width.
An ideal melting pool should have sufficient depth to promote good adhesion to the pre-
vious layer without originating a keyhole effect resulting in porosity. Also, it must have
a constant width to allow for the correct calculation of hatching space, layer thickness,
and overlaps. These factors are connected to the shaping parameters input by the opera-
tor [145, 146].

The melting pool behaviour on a workable set of parameters, is usually translated by the
volumetric energy density (VED) equation 1.1, which encompasses the most influencing
parameters: laser power (P); scanning speed (v) (the speed at which the laser advances);
layer thickness or layer height (e); and space between laser passes (hatching space - h)
[147].

(1.1)

A graphical description of these parameters can be seen in figure 1.13.
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Figure 1.13: Parameters in SLM [148].

All VED parameters can affect the melting pool, but the main driving force is the laser
power [149]. Power output is usually the main parameter for the production of specific
materials in SLM. However, laser wavelength has an influence on the material absorptivity
of the laser power [150].

Ytterbium fibre lasers are currently mainstream and typically have a maximum output of
200 to 400 W and a wavelength of ~1.070 um. Considered ideal for low laser power scan-
ning of most metallic materials (figure 1.14), it is deemed insufficient for most conductive
materials. New laser technology development is still ongoing in response to these issues,
such as the development of green and blue wavelength lasers (A=0.515 um and ~0.420
um, respectively) [151, 152]. Spot size is another major factor in SLM, concentrated en-
ergy results in more controlled melting pools with a smaller width, which is essential for
excellent resolution. Usually, the spot size for ytterbium fibre lasers is around 70 um, but
this value can be offset for different scanning strategies. Spot size is essential for control-
ling the VED, to effectively melt the powder and reach sufficient dimensional precision

and surface roughness [153].
A detailed analysis of parameters is done bellow.

P. Power output, whatever the wavelength and spot size, has a deep effect on melting
pool dynamics. It affects melting, solidification rate, spatter creation, vapour recoil,

and microstructure of the final 3Dobject [155]. Consequently, changing the power
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Figure 1.14: Wavelength-absorption for several metallic materials [154]

output variable can have severe repercussions on the material behaviour during pro-
cessing [156—158].

Layer thickness is the distance between two consecutive layers (usually set at 20 or
30 um), it depends on the desired layer quality or intended features, affecting the
building time by increasing the number of layers necessary to achieve the desired
building height. However, the layer thickness must be adjusted according to the
melting pool depth, it should be sufficient for partial remelting the previous layer.
This guarantees that low (or no) interlayer gaps occur. If the layer thickness is
set too low, the depth may affect the quality of overhanging features by melting
undesired powder and blocking interior channels or degrading 3Dobject features
[159-161].

Hatching distance is intended as the distance between the centre of two consecutive
melting pools. Essential in the intralayer connection between melting pools is usu-
ally set regarding the selected overlap: the amount of the previous melting pool that
is remelted when a new melting pool is scanned. This results in a strong connection
on consecutive melting pools. Hatching space must be set up while considering the
variables that affect melt pool widths, such as the material response to the thermal
energy, the spot size and the scanning speed. Although usually a fixed parameter

per material, hatching distance can greatly affect the final density [162, 163].

Scanning speed is the last variable on the equation. It is defined as the speed the
deflection mirror moves to scan the powder bed, normally dependent on the laser
power output. Since hatching space and layer thickness are typically set per mate-

rial, laser power and scanning speed are the only parameters that can be changed.
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As previously enounced, laser power is the driving force of melting pool physics.
Thus, scanning speed is usually input as a means of attaining an ideal VED. Never-
theless, that must be sufficient for the material to be affected by the material energy,
essential for the material width and depth [129, 157].

A closer analysis of the melting pool, complex fluid dynamics guide the molten flow.
Vapour pressure, Marangoni currents, capillary effect and surface tension are all affected
by the process parameters. The laser creates a vapour pressure in the centre of the melting
pool during the processing. This leads to the recoil of the material, while the Marangoni
currents - where the fluid flows from low to high surface tension - drive the dynamics
of the molten material [160, 164]. Sufficient knowledge of the melting pool physics and
their relation to the VED allows for the grouping of different consequences regarding the

variation of laser output and scanning speed, as follows:

— high laser power at low scanning speed leads to a keyhole regime that occurs when
the depth-to-width ratio is less than 0.5, resulting in a very deep and thin melting
pool occurs and leads to deep pores due to molten flow mobility, which solidifies

while in movement [165, 166];

— high laser power at medium scanning speeds results in elements vaporization due
to the high temperatures related to SLM processing; contact with the laser can lead
to overcoming the boiling temperature of the processed material or its constituents,
resulting in the modification of the chemical composition of the powder, and unex-
pected 3Dobject properties [167-169];

— high laser power at high scanning speeds affects the continuity of the melting pool,
thus leading to random pores throughout the part; as previously stated, a consistent
melting pool is essential for building a dense 3Dobject, this regime can be avoided

by reducing the laser power and scanning speed simultaneously [157, 170];

— low laser power at medium to high scanning speeds result in a shallow melting
pool or balling effect, the lack of fusion that results from this set of parameters
is the most present defect in powder bed fusion; interlayer connection is deeply
affected in this mode and can lead to process failure due to delamination between
the layers [139,171].
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1.3.2 Feedstock Preparation

While the melting pool dynamics are usually the main phenomena when producing
3Dobjects using PBF, the complexity starts with the feedstock. The metallic powder can
have different origins: gas and water atomisation, milling, oxide reduction, precipitation,
plasma. Gas and water atomisation are yet the main processes for steel powder produc-
tion. Gas atomisation gives a more uniform shape distribution at a higher cost than its

water counterpart, which is normally when the powder particle material is not reactive.

Usually, the factors that determine the quality of powder for SLM are particle size
and particle size distribution, shape, structure (including topography)/flowability. The
methodology of powder production highly affects these powder characteristics and, con-
sequently, their behaviour in the powder bed construction [76]. Optimal powder particle

characteristics for SLM is summarised bellow:

— particle size must be between 20 and 50 um, which are in line with the usual layer
sizes (around 20-30 pum) for an insignificant surface roughness they contribute to
the best packing behaviour (also named powder bed density); a normal, narrow,
symmetric distribution is recommended, but some prevalence of smaller powders

can be beneficial for the packing behaviour [172,173];

— spherical powder (shape factor of 1) is usually advised since it contributes to the
compaction behaviour, meaning that the layer deposition results in a higher packing
density since high interparticle space tends to result in voids from a lack of material
[174];

— powder structure is highly affected by the powder production technique; stresses

can be due to the high cooling rates inherent and/or environment atmosphere [175];

— powder flowability depends on the surface quality and surface tension, which con-
tributes to powder agglomeration; the decrease of these characteristics improves
powder bed density [176].

The powder is usually provided in controlled environment containers, with moisture con-
trol and vacuum sealed, which means that opening the container in a harsh environment
can immediately affect the powder. For this reason, the powder must be handled under

controlled conditions that start now to exist in real-life industrial facilities [177, 178].

Moisture control in powder is usually done by silica packets and heating the powders,
in a furnace, to around 90°C [178]. For reactive powders, this can be impossible, and

the powder must be subjected to a close loop of an inert gas-protected atmosphere for
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any handling. Some SLM machines integrate sieving systems. At the end of the process,
the powder spatter is vacuum cleaned, and the one that does pass through the sieve is
discarded. Therefore, there is a risk for the operator and environment regarding powder
handling since there is direct contact with the small metallic particles that may cause

undesired health complications due to airborne particles [177].

Handling problems lead to low reusability and recyclability in SLM powder, lowering
the overall quality of the produced parts per powder use, and this has been a major topic
of investigation in the last few years. Consequently, powder costs increase, and environ-
mental issues appear due to the quantity of discarded powder that may originate from this
issue [179, 180].

1.3.3 3Dobject Shaping

Shaping, in the SLM context, usually involves powerful software, such as Materialise

Magics, to process the STL and input the parameters [181].

The position of the 3Dobjects is usually centred in the printing bed. Laser is deflected
from source to powder bed, which means that angle deviation from the centre has small
but noticeable changes in laser beam focus due to increased path. SLM manufacturers
have been developing systems with multiple lasers to overcome this disadvantage on large
systems, as well as to increase production speed. Furthermore, object angle in relation to
the bed is extremely important and must consider the application. It is recommended
that the larger surface area is fixed on the powder bed to provide more anchoring points.
However, 3Dobject features, such as holes and overhangs, require different positions if the
feature quality is the target. Moreover, mechanical properties are affected by the 3Dobject
position since there structural/properties anisotropy can be present. For this reason, design
for AM has been growing in the last few years, and objects must be designed having taken

into account the process limitations [182, 183].

SLM technology requires direct contact with the substrate (platform), which means that
a metallic bond between part and substrate exists and is not usually possible to easy re-
moval. Supports are necessary if EDM is not a possibility. Moreover, supports provide a
fine connection, with micrometric walls that are easy to remove by the use of simple tools.
There is still no automatic software easily available for automatic support generation, and
it is necessary expertise to ensure that support density, height from the bed and strategy are
suitable to guarantee sufficient adhesion and thermal conductivity. Supports are necessary

for some features, such as overhanging areas. However, a bottom anchor is not always
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possible to guarantee for the supports, which in some cases can be the object itself, which
will increase the post-processing time to eliminate the supports. Moreover, some features

may usually not supported due to inaccessibility for their removal [182, 184, 185].

Moreover, it must be highlighted that 3Dobject texture and residual stresses are con-
nected to the scanning strategy. An angle increase per layer is input to avoid thermal
stress concentrations on one specific object zone, which can result in part warping and

processing failure. Some of the most common strategies are [186]:

* orthogonal strategy scans the layer in a linear pattern, with 0° in relation to the

substrate, and adds 90° per layer;
* angled scanning is similar to orthogonal but scans the surface at a selected angle;

* islands or chessboard scan with an orthogonal or angled strategy, dividing the layer
into several small areas and applying to each a 90° angle in relation to the neigh-

bouring areas; avoids stress concentration, but mechanical properties are affected.

1.3.4 SLM of common materials

Different materials are being processed by SLM with and without success. In this item,
it was selected as powder, copper and copper alloys (hard to be processed by SLM) and
stainless steels (considered easy to manufacture by SLM technology).

1.3.4.1 Copper and copper alloys

Copper has consecutively researched materials in SLM due to its challenging character-
istics. The search for a material that would harvest the unique possibilities of MAM, such
as the new thermal diffusion geometries, cooling channels and embedded sensors, puts
copper on the forefront of the most desirable materials to be efficiently used, due to its
optimum thermal and electrical conductivity. Copper is a metallic element with a wide
range of applications due to its thermal and electrical properties while maintaining good
mechanical strength. Consequently, it has been the subject of multiple studies in MAM,
but with limited results. The thermal properties of copper make it a difficult material to be
processed under a direct energy source since its absorptivity is low and heat dissipation is
high. Moreover, the reflectivity of metal copper to the beam also contributes to thermal

loss, resulting in incomplete melting and, consequently, low density.
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A summary of studies regarding copper and copper alloys produced by SLLM is sum-

marised in table, where new approaches are being used to achieve high densities, while

1.4.

Table 1.4: State of the art summary of copper and copper alloys produced by SLM.

Y

. Relative density (%)
Material VED (%) P Reference
mn (Method)
) [187]
Pure copper 533 (800 W) 96.60 % (Archimedes)
(2018)
) [188]
310 (200 W) 99.10 % (Archimedes)
(2020)
. [189]
210 (300 W) 98.80 % (Archimedes)
(2020)
. [190]
95 (500 W) 69.40 % (Archimedes)
(2020)
. [191]
350 (400 W) 95.00 % (Archimedes)
(2020)
. [192]
533 (800 W) 96.60 % (Archimedes)
(2020)
) [193]
350 (140 W) 96.00 % (Optical)
(2021)
. [193]
350 (140 W) 96.00 % (Optical)
(2021)
740-1120 (800 ) [152]
98.00 % (Archimedes)
W) (2021)
) [194]
Cu-Cr-Zr 158 (370 W) 99.43 % (Archimedes)
(2020)
. [195]
242 (425 W) 99.43 % (Archimedes)
(2021)
. . [196]
Cu-Ni-Sn 142 (340 W) 99.40 % (Archimedes)
(2018)
. . [197]
Cu-Cr-Zr-Ti 570 (800 W) 99.20 % (Archimedes) (2018)

1.3.4.2 Stainless Steel

316L as been one the most researched material since the development of SLM due to

the lack of phase changes. SS 316L is considered a standard material for MAM due
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to its characteristics since any material-related issues are reduced, and the parameters
influence is elevate has been the most researched material due to its properties. Such as
the combination of corrosion behaviour, mechanical properties, carbon content and lack

of phase changes within the process temperature [30].

As an alternative, precipitation-hardening stainless steels have been widely researched
due to their increased mechanical properties while maintaining a low carbon content
through the application of heat treatments. The interest, however, in producing high-
hardness stainless steels, such as 420, was not hindered, although issues like cracking,

carbon depletion and fragility are usually present [198].

Table 1.5 summarises research works that produce stainless steels with the same equip-

ment as the one used in this work, an EOS system.

Table 1.5: VED as function of density regarding stainless steels produced with EOS®systems.

Tensile .
) Hardness Relative
Material | VED (%) Strength ) Reference
mm’ (HV) density (%)
(MPa)
SS 316L 99.97 [199]
39-75 NA NA )
(AISI) (Optical) (2017)
99.37 [200]
127 NA NA )
(Archimedes) (2018)
99.75 [201]
43 660 219 (HVy5) )
(Optical) (2018)
[202]
50;200 630 NA 98.00 (XCT)
(2018)
99.95 [203]
325 620 NA ]
(Optical) (2020)
99.60 [204]
28-74 NA NA )
(Optical) (2020)
99.50 [205]
96 690 270 (HV(3) )
(Archimedes)  (2020)
99.30 [206]
100 NA NA )
(Archimedes) (2021)
99.80 [162]
92.5 NA 230 (HVy») )
(Optical) (2022)
[207]
100 NA NA 99.80 (XCT)
(2022)
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Table 1.5 Continued: State of the art summary regarding stainless steels produced with

EOS®systems.
98.70
SS 630 (Archimedes) [208]
41 NA NA
(AISI) 99.40 % (2013)
(Optical)
[209]
60 1550 NA NA
(2014)
99.90
(Archimedes) [210]
40 NA 373 (HVy,1)
99.40 (2019)
(Optical)
99.50
(Archimedes) [210]
62 NA 368 (HV)
99.40 (2019)
(Optical)

1.3.5 Post-processing

Post-processing in SLM usually obliges to powder cleaning on 3Dobjects and removal
of supports or the separation from the platform (substrate). Moreover, heat treatments
are usually performed to attain mechanical properties closer to the bulk metals and al-
loys. Regarding surface treatments, polishing, sandblasting, shot-peening or laser shock-
peening are performed to improve surface finishing quality [211]. Although costly, due to
improved hardness common in SLM 3Dobjects, machining (milling) must be employed
for specific features, and overall object accuracy [212]. Hot isostatic pressing has been
proven to be successful in removal interior voids and has been growing as an essential
tool for parts produced by MAM [213-215].
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Chapter 2

Defects in Additive Manufacturing

Defect is understood as "an imperfection or abnormality that impairs quality, function or
utility". Consequently, it is of extreme importance to report known types of defects and
their origin if a complete understanding of MAM is to be ensured. Defects in MAM, as
detailed in chapter 1, are mainly associated with the processing step that occurs in each
technology. However, MAM defects must be studied not only focusing on the processing
step but a holistic approach to know how the feedstock material affects the final properties
and defect emergence must be performed. Depending on the melting or sintering thermal
cycles of the feedstock, the metal powder will affect the final properties differently. A

detailed glossary of observed defects is laid down per process type.

2.1 Defects in SSAM

Defects in MEX can be divided into three categories, feedstock, shaping, and consolida-
tion. They are dependent on each of these steps in what concerns their origin, but they are
correlated. Feedstock defects can lead to shaping and consolidation defects due to lack
of material or conditions to achieve high densification or the intended material properties.
For example, shaping defects can lead to delamination in sintering; consolidation defects

can undermine the previous steps.

2.1.1 Feedstock defects

Defects occur when feedstock preparation is done inadequately. A correct combination

of material selection, homogenous mixing and filament extrusion must be ensured in order

45
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to minimise defect occurrence. Moreover, CPVC will affect the behaviour of the filament,

as well as the 3Dobject.

The main defects that occur in the feedstock are due to:

— uneven distribution of powder, binder or additives in the feedstock, resulting from

uneven mixing or lack of wettability of the binder & additives and metallic powder
[37,216];

— filament diameter variations leads to variable extrusion quantity and strands with

inconsistent width, which results in underextrusion or overextrusion if the filament

diameter is smaller or bigger than expected [76,93];

— filament slipping and deformation due to inconsistent stiffness can lead to clogging,

which is a major issue in MEX feedstocks [217].

2.1.2 Shaping defects

Shaping step is the main source of the defects in MEX. A fully-dense 3Dobject is very

difficult to translate in a series of ~0.40 mm strand lines, which will cause resolution

defects. A nozzle size of 0.45 mm is usually considered since smaller nozzles can increase

clogging due to pressure build-up. Furthermore, joining adjacent strands requires careful

control of the thermal conditions, which is very difficult to achieve and demands optimal

parameters. Some of the more relevant shaping defects are:

— movement voids, resultant from rapid nozzle movement change, leads to a gap or

inconsistent extrusion; a moving head carrying the extruder is deeply connected to
the extruding behaviour since transversal movement is a function of extrusion rate;

any rapid movement change or jump can result in defects [218];

under or overextrusion occurs when the strand has a smaller or bigger size than
expected; if smaller, it results in constant voids parallel to the strand; if bigger,
an expansion in that layer results in geometrical deviations; can be controlled by

changing the extrusion multiplier parameter [219-221];

base bulging is visible in the first layer due to the increased pressure between the
nozzle and the substrate, leading to an exaggerated flattening of the strand and an
X-Y growth on the first layer when compared to the CAD; solved by increasing
the distance between the base and the nozzle or by compensating the value on the

digital model in order to improve adhesion [218];
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— drooping, resulting from enough thermal energy for polymer flowability, causing
its exit from the nozzle; results in a lack of material in the object and can be solved
by tuning the nozzle temperature when not extruding or overall decreasing the print-

ing temperature [100];

— strand bonding weakness occurs when the thermal energy is not enough to join the
strands and layers together; two adjacent strands must be joined together in order to
avoid voids or polymer excess in the interface between them; which implies using

a higher process temperature [222];

— delamination occurs when the layers of the print separate from each other, resulting
in a poor-quality object can occur due to incorrect bed levelling, incorrect nozzle
height, or poor adhesion between the material; nozzle height is an important aspect
of shaping in MEX, if the nozzle is too close to the bed, the strand will not have
enough time to cool and connect with the previous layer causing delamination [223,
2241,

— geometrical deviations include warping, curling, sagging, and stringing; warping
is caused by unequal cooling rates in the material, which can be caused by the 3Dob-
ject geometry being too large or too thin; curling is caused by unequal contraction
of the material, which can be attributed to the 3Dobject being too small or thick;
sagging is caused by the weight of the 3Dobject, which can be caused due to being
too tall or narrow; stringing is caused by the material sticking to the build platform
or the extruder nozzle, which can be associated to the feedstock being too viscous
or the temperature of the build platform; geometrical deviations can be minimised
by using a suitable feedstock, optimised shaping conditions, and post-processing
treatment; [100, 225,226].

Understanding the causes of these deviations, it is possible to produce parts with very

tight tolerances.

2.1.3 Consolidation Defects

Debinding and sintering are affected by feedstock and shaping defects. It was demon-
strated that sintering could solve small porosities, but if not optimised, it can generate

different defects, as follows:

— incomplete debinding, which can result from faulty debinding or uneven debond-

ing, occurs when some of the unwanted polymers are still present in the green;
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caused by insufficient temperature or time for complete debinding [227,227];

— internal voids resulting from high thermal rates, leading to fast polymer degrada-

tion, but they may also result from a heterogeneous feedstock [228,229];

— blistering are bumps that result from local delamination due to polymer degradation
and bonding issues, characterised by the formation of small, raised areas on the
surface of the metal during sintering or post-sintering; these raised areas, or blisters,
can be of a few millimetres or more; the cause of blistering in sintering is thought to
be related to the presence of impurities in the metal; when the metal is heated, these
impurities can react with the metal to form gas that becomes trapped in the metal,
and as they expand, cause the formation of blisters; in some cases, blistering can
be prevented by careful control of the sintering process and the addition of certain
additives to the metal [68, 126, 230];

— cracking due to thermal stresses that, when cooling, lead to fissures; an unsuitable
heating rate also induces cracks in the 3Dobject [79,230];

— microstructural defects due to chemical alterations when producing the feedstock
or polymer incomplete ustulation, leading to impurities or carbon contamination of
the metallic powder [231,232];

— warpage due to uneven shrinking when sintering [100].

2.2 Defects in LSAM

2.2.1 Defects in Powder

Powder characterisation is essential in SLM. Packing density is one of the primary
drivers of 3Dobject density. If too low, interparticle space results in a lack of fusion
due to low material presence [233-235]. Although the presence of voids within the pow-
der bed is usually connected to the powder size and size distribution, powder defects can

negatively affect the resulting powder bed density, such as:

— agglomeration is typically characterised by joint powder, can be caused by high
impacts between the particles or hollow particle filling (figure 2.1) [11,236,237];
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Figure 2.1: Different shapes of powder agglomeration.

— dendrites occurs when the surface has a phase change due to rapid cooling; it usu-
ally emerges in powder subjected to phase transformation within atomising temper-

atures;

— microstructural defects, oxides presence and inclusions due to atomisation pro-
cedure and powder handling; the atomisation process is usually undertaken on the
same atomising system, paraphernalia of environmental conditions may occur; thus
cross-contamination may occur, and different elements may appear in the powder
(in almost insignificant quantity, but its consequences may not be insignificant)
and affect porosity; oxidation may occur during powder cooling or be the result
of bad handling (figure 2.2) [238-241]; phase modifications can affect the powder
spreadability [236], caused by magnetic behaviour of some undesirable phases; the
sieving system, which usually uses screens bigger than 100 pum, is meant to separate

the sintered powders and spatter;

Figure 2.2: Inclusions in powder.

— powder deformation is usually the resultant of powder handling that has been
subjected to impacts and friction (figure 2.3) [238];
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Figure 2.3: Deformed powders.

— powder porosity is usually the result of gas entrapment inside the particle during
atomisation, caused by high-pressure jets and high cooling rates (figure 2.4) [242,
243];

Figure 2.4: Powder porosity.

— satellites are smaller powders that surround and agglomerate in bigger powder,
effectively affecting its morphology, and consequently, the flowability (figure 2.5)
[237,244,245];

Figure 2.5: Satellites in a large powder.
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2.2.2 Defects in 3Dobjects

Although powder quality can be correctly characterised and handled, SLM processing
also induces a series of different defects, as follows:

— lack of fusion (LOF) occurs when the volumetric energy density (VED) is insuf-
ficient to create a melt pool deep enough to penetrate the substrate or wide enough
to overlap sufficiently to the next parallel scanning line; this defect can be reduced
by increasing the VED or decreasing the hatching space; appears at the surface and
inside defects in the order of hundreds of micrometers (figure 2.6) [246-252];

Figure 2.6: Lack of fusion defect [244].

— balling occurs when localised energy is insufficient to guarantee the melt pool con-
tinuity, thus resulting in an uncontrolled scan track melting, resulting in small spher-

ical melted zones; increasing the laser power, or decreasing scan speed contributes
to avoid it (figure 2.7) [219,247,253-255];

Figure 2.7: Balling defect evolution with scanning speed [256].

— keyhole porosity occur when the melt pool penetration is excessively high (figure
2.8) [248,257-260];
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Figure 2.8: Keyhole pore [261].

— roughness is a consequence of inadequate melt pool geometry; protrusions and
depressions are the results of the melt pool centre and sides, respectively; although
impossible to be completely mitigated in the SLM process, a wavy surface may
be resultant of low hatching space or high energy input, due to melting pool z-
growth; can be mitigated by tuning parameters; Different authors argue that a direct
correlation can be established between porosity and surface quality (figure 2.9); an
excessive roughness on the lateral walls of the SLMed 3Dobject can be caused by
particle aggregation due to sufficient heat to form a neck between part and wall [9,
247,262]; roughness can also be highly detrimental to the performance of 3Dobject
features, like internal channels or lattice structures and the consequential changes

to diameter and overall design can negatively affect object qualification;

Figure 2.9: Surface roughness in SLM.

— gas entrapment results from the presence of protective or degradation-resultant
gas, which is trapped by the melting pool within the 3Dobject; the porosity can be
identified through small (tens of micrometre), perfectly spherical pores distributed
throughout the 3Dobject (figure 2.10) [243];
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Figure 2.10: Porosity caused by gas entrapment [263].

— cracks result from thermal stresses during production, they can occur still during

processing (hot-cracking) or during final cooling of the part (figure 2.11) [264—-266];

Figure 2.11: Cracking.

— inclusions not soluble in the base material can originate voids and chemical hetero-
geneities (figure 2.12); may result from inclusions already present in the powder or
from deficient powder handling [267-269];

Figure 2.12: Copper inclusion in steel causing a defect.
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— geometrical defects like distortion or warping are resultant of the complex thermal

history that the 3Dobject is subjected to during SLM processing; other geometrical
errors, like deviations, usually result from a bad translation of the scanning parame-
ters to the true physical phenomena that are occurring since the melting pool width
may not be well calculated; the stair-case effect is relative to the Z-resolution that
is being input to the SLM process [270,271];

spatter-related defects are due to the spattered particles that are thrown back into
the powder bed. Due to laser contact, abnormal particle shape and surface metal-

lurgy can affect the melting pool [159,272];

microstructural defects are related to grain size, phase changes and anisotropy
throughout the height of the 3Dobject. They are mainly caused by the complex
thermal treatment that the 3Dobject is submitted to during processing and may im-
pose different-than-expected properties; heat treatments are usually employed to
solve some of the problems, but they are expensive, and some properties unique to
SLM, like higher than normal tensile strength and hardness, may be lost after heat
treatment [183,272,273].

A summary of porosity defects in 316L is shown in figure 2.13.

Figure 2.13: SLM defects and size [238].

2.3 Non-destructive Testing for Defect Detection

NDT techniques refer to a wide group of analysis techniques used to evaluate the prop-

erties of materials, parts/systems or devices without destroying their applicability. NDT

is essential in a wide range of industries, including aerospace, automotive, power genera-

tion, oil and gas.
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There are many different NDT techniques, each one with its own advantages and disad-
vantages. The most common NDT methods are radiographic testing, ultrasonic testing,
magnetic particle testing, and eddy current testing. Radiographic testing uses X-rays or
gamma rays to create an image of the object being tested. This method is often used
to detect internal defects that are not surface-connected. Ultrasonic testing uses high-
frequency sound waves. This method is often applied to inspect metal components for
cracks or other defects. Magnetic particle testing uses a magnetic field to detect surface
defects, often used in welding inspection. Eddy current testing uses an electric current;

this method is often used to inspect non-metallic materials.

The low reliability of 3Dobjects in AM demands that a high number of objects is to
be observed when critical applications are concerned. However, this can be a wasteful
and meaningless process if repeatability is low, as is common in AM processes. NDT
has been growing in AM as an essential tool to guarantee that the minimum standard
is attained and the part is still usable, lowering waste and having higher reliability than

random inspections.

Defect detection is dependent on the characterisation technique resolution and limita-
tions. From visual/optical inspection to x-ray computed tomography, there is an estab-
lished history of defect detection technologies that must be understood in order to assess
the quality of the results of each selected technology. Moreover, certain NDT can be used
for inline and real-time defect inspection, which might guarantee further knowledge of

defect formation.

Since the dawn of AM, NDT has been developed for defect inspection, whatever the step
of the manufacturing technology. Various reviews on this subject have been published
since 2013, demonstrating the importance of these techniques for MAM [274]. Most
of these techniques have already been subject to standards for metal applications, and

specific MAM methodologies are in advanced phases of development [275].

2.3.1 Visual/Optical Method

Visual or optical method is the main form of defect observation. Generally, performed by
the operator, using their knowledge and experience, is essential for cheap and rapid qual-
ification of parts outside of the scientific quantification method. Naked eye inspection,
optical microscopy, and scanning electron microscopy (cameras, mirrors, etc...) have,

historically, been the main methods for 3Dobject observation and analysis. The use of
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cameras for inline process inspection has been the main standard for MAM machines and

is essential for cost and waste savings.

This type of technique is limited to surface observation and does not have access to
any interior flaws without the total or partial destruction of the object (such as grinding
and polishing). However, they can be used as an early qualification method to save time
in the further costlier analysis of an already visible low-quality object. Nevertheless,
an inline inspection can, through the use of video or layer photographs, be used as an
input for optical tomography, resulting in a digital twin for further analysis, and correct
information about interior features. Arguably more important, video can be an effective
tool for observation of in-layer defect formation and as a way for parameter optimisation.
Techniques such as optical emission spectroscopy can be associated with conventional

recording to assess process-dependent emitted light to perform a temperature profile.

The main advantages of the described techniques are: they are well-established, mainly
low-cost and quick. When used in tandem with other methods for measuring interior
porosity, it can give a general idea of the overall quality of the object but not qualify the
part for critical uses [276-278].

2.3.2 Liquid Penetrant Method

One of the most used NDT, due to its low-cost, and minimal expertise requirement,
works on the basis that a liquid penetrant flows into part surface flaws, and excess liquid
is removed. Defects are then revealed using a developer. Like optical testing, this method
can only detect surface-connected defects. In additive manufacturing, some changes to
the dye or liquid penetrant may be necessary due to the surface roughness, which can be
signalised as a defect, affecting the technique capability to spot "hidden" defects. Typical
resolution is limited to defects bigger than 750 um [279, 280].

2.3.3 Magnetic Particle Method

Limited only to ferromagnetic materials, these techniques induce a magnetic field and
analyse the behaviour of magnetic ferrous particles scattered around the surface. A dis-
continuity in the material will affect the magnetic field, and the particle behaviour will be
changed, hence concluding that a surface defect is present. Defects smaller than 1000 um
are not suitable for this method [281].
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2.3.4 Electromagnetic (Eddy Current) Method

These techniques measure changes in the electrical properties of the conductive materi-
als. Porosity causes changes in capacitance, which is measured and analysed. In conven-
tional Eddy current testing, a coil with alternating current induces two opposing magnetic
fields. Defects affect the Eddy currents in the secondary magnetic field, which is mea-
sured by the impedance. The resolution for this testing method is reportedly bigger than
350 um [282-284].

2.3.5 Ultrasonic Method

Ultrasonic methods involves the measurement of the reflection, transmission, mode con-
version and diffraction of the ultrasonic wavelength when transmitted through a 3Dobject.
Acoustic impedance affects the reflection and transmission of ultrasounds. Defects must
be large enough to affect the ultrasonic beams, and resolution is considered to be one-half
of the used wavelength (at least 500 um). But this technique can be adapted for inline
inspection by means of laser ultrasonic spectroscopy or phase array variation, and the use
of laser ultrasonic testing can reportedly improve resolution to 100 um. However, it is
mainly material dependent, as well as other limiting factors, such as complex geometries,
multimaterial or wide array of features, can make the use of this methodology impossi-
ble [285-287].

2.3.6 Acoustic Method

Acoustic emission uses a piezoelectric or electromagnetic transducer placed near the
surface of the object to detect defects during manufacturing processing. Alternatively,
it uses an optical microphone in the vicinity of the object. Used for inline inspection,
the object must be subjected to forces for this technique to be effective. No resolution is

reported for this technique; it depends mainly on the present material stresses.

For conventional acoustic emission, the main disadvantages are the contact with the

surface, which might be impossible for some MAM processes [288,289].

2.3.7 Infrared/Thermal Method

Thermography is an established technology that can detect geometrical defects, lack
of material, inclusions and interior porosity. It uses infrared (IR) cameras to detect the
temperature difference caused by objects to the energy input. Thermal energy can be

essentially given by electrical current, laser and vibrations. The presence of a flaw in the
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object will cause a disruption in an otherwise homogeneous heat distribution within the

material.

One of the most exciting uses of this technology is the easiness to adapt for inline defect
inspection, mainly on high heat-dependent processes, such as DED and PBF. Reading
online melt pool status can be a powerful tool for parameter optimisation due to the fact
that in-layer defect formation mechanisms can become clear under thermography. This
technology has been adapted to be used paired with powerful software to warn or point out
discontinuities in object scanning. Resolution is considered to be bigger than 400 um; it is
mainly connected to IR camera resolution and frequency. Moreover, the heat generation
mechanism is extremely important since the fast material response to the given heat is

necessary for disruption detection [290-292].

2.3.8 Other Methods/Techniques

Technologies such as Laser Induced Breakdown Spectroscopy (LIBS) can be a great
addition to the inline object information. Capable of real-time chemical analysis, this
technology can provide qualitative and quantitative results. This technology uses the
wavelength and intensity of a laser-induced plasma. MAM laser-based processes are ideal

for this technology since laser-caused vaporization is already present [293].

Conventional profilometry is an established testing method that has been substituted, in
AM, for technologies that can give integral information about the surface defects (rough-
ness). Since roughness in MAM is dependent on the scanning method, a pattern and a
preferential direction are usually present, making 2D profilometry obsolete for qualifying
the part. Laser and optical-based methods, such as focus variation microscopy, have been

growing as effective testing methods for roughness evaluation of AM parts [294-296].

2.3.9 Radiology Method

Radiographic testing is a nondestructive testing that uses chi () rays, gamma () rays
or neutrons (n) to inspect materials and objects for hidden flaws. X-ray is undoubtedly
the most used radiation for NDT. X-ray radiography or radiographic testing uses an x-
ray beam to measure the attenuation caused by an object in its path. X-ray computed
tomography (XCT) takes this concept and uses a full 360° scan to slice the object into a
volume rendering. These techniques are limited by the radiation absorption of the 3Dob-
ject, thicker materials or higher atomic weight materials being more difficult to transmit

through. In order to overcome this issue, higher energy and intensity are required, which
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is longer and more costly. Image quality is dependent on the resolution, contrast and
artefacts (such as noise) [297,298].

Growing research regarding fCT use in MAM inspection is now a reality. The possi-
bility of detecting microdefects, their geometry and their accurate location contribute to
the analysis of the so-called "effect of defect". Studies on the influence of porosity size,
location and shape have been used as an input to a new age of material research, using

modelling for predicting final material properties and fatigue behaviour [9,299].

The most common methodology for micro-computed tomography is the use of a 3D
cone x-ray source and a flat panel detector. The source or the object rotates continuously
for 180° (symmetrical objects) or 360° until a half or full scan is achieved. A brief history
of the relation of uCT and AM is established by Thompson et al. in 2016 [300]. As an
NDT methodology, uCT has been used as a transversal technique, from powder to final

part porosity.

UCT has been relatively scarce in MEX research. Damon et al. and Santamaria et
al. [93,301] used the technique to measure the process-induced porosity in sintered parts.
Singh et al. [302] used pCT to validate the optimised extrusion parameters for copper pro-
duction. As far as the authors are aware, no other metallic material extrusion research has
been focused on using U CT for the study of MEX defects. Moreover, no transversal study
of the MEX process from feedstock to final 3Dobject, using CT, has been published.

UCT in SLM, on the opposiotion, has been developing in the last few years, and a few
reviews have already been published [300,303-305]. uCT has mainly been used for de-
fect reconstruction, and visualisation [306-308]. However, research studies on the use of
UCT as an input for modelling are still growing and are limited to lattice structure be-
haviour [309-313]. A deep study of dense specimens has often been hindered by process
resolution or source power. Nevertheless, the contribution of (CT to the qualification of

small SLM 3Dobjects must be explored and put into evidence.
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Chapter 3

Materials and Methods

In this study, copper and stainless steels were selected for the production of 3Dobjects.
MEX, and its parent technology, PIM, used SS 316 homemade filaments. Homemade
filaments were compared to commercial filament alternatives - BASF (BASF SE, Lud-

wigshafen, Germany) and Virtual Foundry (The Virtual Foundry, Wisconsin, USA).

In SLM, to study the influence of additive manufacturing limitations on the production
of highly conductive materials, copper was chosen as the master material. This material
was selected due to its high demand, related to its unique thermal and electrical properties,
which are highly desirable to associate with novel complex geometries and applications,
and to its particular challenge for MAM production. Furthermore, a tailored copper alloy,
copper + 316L steel (80:20 weight), was mixed through manual tumbling of the two dif-
ferent powders. This copper-based iron alloy is known as a high-strength, electrical and
thermal conductivity material with magnetoresistance. However, this material is an ex-
tremely difficult copper:iron alloy to produce due to the positive enthalpy between liquid
Cu and Fe. Moreover, four different stainless steels powder were selected to evaluate the
material reaction to a constant VED value: 316L, 630, 420 and 440C (AISI).

Different powder characteristics are needed for SSAM and LSAM for the production of
3Dobjects.

For MEX, powder particles were furnished from Sandvik Osprey Ltd. Powders for SLM,
SS 316L and 630 (17-4PH) were provided from SLM Solutions (SLM Solutions Group
AG, Liibeck, Germany), and 420, 440C and copper powder were furnished from Sandvik
Osprey Ltd (Sandvik AB, Sandviken, Sweden).
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The chemical compositions of the copper and steel powder provided by the supplier are

summarized in table 3.1.

Table 3.1: Chemical composition of the studied powder (wt.%).

Element Fe C Cr Ni Cu Mo Nb+Ta Si Mn N P S (0]
316L

Balance 0.030 16-18 10-14 - 2-3 - 1 2 0.100 0.045 0.030 0.100
(SLM)
316L

Balance 0.030 16-18 10-14 - 2-3 - 1 2 - 0.040 0.030
(MEX)
630 0.150-

Balance 0.070 15-17 3-5 3-5 - 1 1 0.100 - 0.030 0.100
(SLM) 0.450
420 min

Balance 12-14 - - - - 1 1 - 0.040 0.030
(SLM) 0.150
440C 0.950-

Balance 16-18 - - 0.750 - 1 1 - 0.040 0.030 0.100
(SLM) 1.200
Copper <0.05 - - - Balance - - - - - - - <0.100

3.1 Powder characterisation

Particle size and particle size distribution (PSD), as well as specific surface area were
evaluated by laser diffraction spectrometry LDS, Malvern Mastersizer 3000 (Malvern
Panalytical, Egham, UK). SEM Quanta 400 FEG STEM (FEI Company, Oregon, USA)
was applied for powder shape factor evaluation. Powder density was measured (5 samples
per powder material) by helium pycnometry with Accupyc 1330 (Micrometrics, Georgia,
USA).

The phasic composition was evaluated by X-ray diffraction. A Philips X Pert diffrac-
tometer (Philips, Egham, UK) at 40 kV, with Bragg—Brentano geometry (6-26), cobalt
anticathode (A(kal) = 0.178897 nm and A(ko2) = 0.179285 nm), and a current intensity of
35 mA. The x-ray diffraction scans were carried out in steps of 0.025°, with an acquisition
time of 1s per step. The copper was indexed with ICDD 004-0836, austenite phase was
indexed with ICDD 33-0397 and ferrite/martensite with ICDD 87-0722.

3.1.1 Stainless Steel powder for MEX production

Concerning the powder particles used in MEX, shape factor for the stainless steel (316L)
was close to 1 (figure 3.1).
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Figure 3.1: Particle shapes of the MEX 316L powder.

Powder size was suitable to be processed, for filament fabrication followed by sintering,
with a Dsg of 6.8 um with the distribution observed in figure 3.2.
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Figure 3.2: Particle size of the MEX 316L powder.

The powder phasic structure was constituted of austenite with a relevant residual marten-
site phase (figure 3.3).
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Figure 3.3: X-ray diffractogram of the MEX 316L powder.

3.1.2 Copper powder

Copper powder had a mostly spherical shape with a low dispersion of sizes (figure 3.4).
The D5 of the copper powder was slightly bigger than optimal for SLM processing (figure
3.5).

Figure 3.4: Particle shapes of the copper powder (SEM).
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Figure 3.5: Particle size distribution of the copper powder.

X-ray diffraction shows only copper (figure 3.6).

Figure 3.6: X-ray diffractograms of the SLM copper powder.

3.1.3 Stainless Steel powder

The stainless steels selected in the present study are related to their characteristics and
applications. Stainless steel 316L has been the most studied material in SLM [314] and is
used as a standard in this thesis. SS 630 was selected due to its low carbon content, and
excellent mechanical properties [315]. 420 martensitic stainless steel is also of signifi-
cant interest due to its high strength and corrosion resistance [316]. Consequently, many
studies have been published concerning the microstructure, mechanical properties, and
roughness of these stainless steels produced by SLM ( [252,317,318] — 316L, [319-321]
— 630, [153,198,322] — 420). SS 440C, which is also a martensitic stainless steel, with
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the highest carbon content of all stainless steels studied. This steel is used in applica-
tions where high hardness and corrosion resistance are required (e.g. bearings and other

automotive parts, and knives) [323].

All stainless steel powder had an adequate shape factor (1) for SLM, but with some
satellites only on 440C that could modify the bed density and powder flowability (figure
3.7).

Figure 3.7: Particle shapes of the 316L (a), 630 (b), 420 (c) and 440C (d) powder (SEM).

The powder particle size and particle size distribution were similar for all selected steels,

which guarantees that the packing density is similar (figure 3.8).
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Figure 3.8: Particle size distribution of the 316L (black), 630 (red), 420 (green) and 440C (blue)

powder particles.

Two phases, austenite and ferrite/martensite, can be distinguished in 316L, 630, 420

powder particles. In 440C steel, usually martensitic, the austenite presence can be due to

the high carbon content or high cooling rate (figure 3.9).

Table 3.2 summarizes the main powder characteristics for all studied particle powder,

including density.

Table 3.2: Powder characteristics.

Powd Particle Size  Particle Size  Particle Size ~ Shape Phase Density
owder
Djo (um) Dsg (um) Dyg (um) factor Composition p (%)
316L Austenite and
3.6 6.8 12.0 ~1 . . 7342
(MEX) residual martensite
316L Austenite and
22.7 324 45.2 ~] . . 7880
(SLM) residual martensite
630 Austenite and
17.8 26.2 37.6 ~1 . 7880
(SLM) martensite
420 Austenite and
17.0 243 343 ~] . 7820
(SLM) martensite
440C .
18.1 26.4 37.9 ~] Austenite 7940
(SLM)
Copper
30.7 46.7 69.0 ~] Pure Copper 8940
(SLM)
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Figure 3.9: X-ray diffractograms of the 316L, 630, 420 and 440C powder particles (from bottom
to top).

3.2 Feedstock production

In MEX, an effective mixture between the powder, binder and additives is essential for
the success of the debinding and sintering steps. In this study, an optimised mixture
of 316L powder [42,324], master binder and additives (backbone and plasticizer) were
mixed on a Plastograph® Brabender W50 torque rheometer (Brabender GmbH & Co.
KG, Duisburg, Germany) at 180°C, 30 rpm, with a 38.5 cm? mixture chamber. Previous
studies on the CPVC of 316L stated that 60 vol.% for this particular metallic powder [42].

The resulting mixture was granulated and extruded into filament, on a Brabender single-
screw extruder, with five different heating zones. The nozzle diameter was the same as
the intended final filament diameter, 1.75 mm. The heating steps were set, from feeder to
nozzle, to 160, 165, 170, 175 and 180°C.
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3.3 3Dobject Production

3.3.1 Solid State AM (MEX)

The filaments were processed through a Prusa i3 MK3S (Prusa Research, Prague, Czech
Republic) with a 0.4 mm nozzle diameter. For the production of SS 316L, the nozzle
temperature was set at 195°C for the first layer and 190°C for the other layers. Bed
temperature was set at 60°C. Print speed was 20 mm/s, and the extrusion multiplier was
1.1, with the objective of offsetting the overlap and creating a more homogenous layers.

A large test group for the analysis of shaping parameters is summarised in table 3.3.

Table 3.3: MEX production conditions for 316L 3Dobjects.

3Dobject Layer Height (mm) Strand Width (mm)
HO.15W0.45 0.15 0.45
HO.15W0.35 0.15 0.35
HO0.10W0.45 0.10 0.45
HO0.10W0.35 0.10 0.35
HO0.05W0.45 0.05 0.45
H0.05W0.35 0.05 0.35

The selected 3Dobjects were cylindrical (10 mm diameter and 5 mm height) in order to

assess the geometrical accuracy of the MEX process (figure 3.10).

Figure 3.10: Cylinders dimensions for MEX production: a) isometric and b) top views.

All 3Dobjects were debinded and sintered in an Ar + H; atmosphere (5 vol.% H;). The
thermal cycles selected for debinding (1°C/min) and sintering (10°C/min) 316L green are

shown in figure 3.11, respectively.
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Figure 3.11: Debinding and Sintering Thermal Cycles for SS 316L.

3.3.2 Liquid State Based AM (SLM)

For all copper productions, an SLM 125HL from SLM Solutions was utilised, equipped
with a Yb-fiber laser (A=1064 nm) with a maximum power of 400 W and a spot size of 100
um, under an argon atmosphere. Pure copper was processed using a fixed power of 400 W
due to the aforementioned absorption issues. The design test group for the optimisation

of pure copper production is summarised in table 3.4.
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Table 3.4: Test group for pure copper production.

Position A B C
Parameter
1 Scanning Speed (v) - 240 270
VED (%) ] 220 200
mm
2 Scanning Speed (v) 300 330 360
VED ( 3> 180 160 150
mm
3 Scanning Speed (v) 390 420 -
VED ( 3) 140 130 -
mm

Copper Steel production, due to the uncertainty of the response of the mixture to the

laser energy, was more broad. Test group parameters are summarised in table 3.5

Table 3.5: Test group for copper-steel production.

Position A B C D E

Parameter

1 Power (W) 200 200 200 200 200
VED (ﬁ) 140 160 180 200 220

2 Power (W) 250 250 250 250 250
VED (#) 140 160 180 200 220

3 Power (W) 300 300 300 300 300
VED (mm3> 140 160 180 200 220

4 Power (W) 350 350 350 350 350
VED (mm3> 140 160 180 200 220

5 Power (W) 400 400 400 400 400
VED (mm3> 140 160 180 200 220

Following the position of the 3Dobjects, the proposed nomenclature is: VXXXWYYY,
where V identifies the VED, W identifies the power and XXX and YY'Y are the set values

for each of these parameters, respectively.

The SLM equipment used for stainless steel production was an EOS M290 system (EOS
GmbH, Krailling, Germany) equipped with a Yb-fiber laser (A=1064 nm) with a maxi-

mum power of 400 W and a spot size of 100 um.
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SLM processing of stainless steels was undertaken with an oxygen content below 0.1
vol.% in the working chamber using a continuous flow of nitrogen. Laser power was set
at 260 W, scanning speed at 1060 mm/s, hatch space at 100 um, and a layer thickness of
30 um (VED 82 J/mm?). The scanning strategy was a zigzag pattern with a rotation angle
of 67° between adjacent layers. Each batch included density cubes (10 x 10 x 10 mm?)
and tensile test specimens. Additionally, a 10° rotation relative to the substrate position
was added to avoid contamination by spattering. All 3Dobjects were studied as-SLMed,

without post-processing treatment.

3.4 3Dobject characterisation

The final density for all 3Dobjects was evaluated through the Archimedes method. Mate-
rialography was supported by optical microscopy using a Leica DM 4000 M LED (Leica
Microsystems AG, Wetzlar, Germany) with a Leica camera, model MC 120 HD.

Copper surface etching was performed with FeCls, HC1 , H,O and C3HgOs3 (1:1:3:5).
For 316L, 630 and 420 steels, etching treatment was Vilella solution. For 440C, Kalling

solution etching was selected.

Surface roughness was evaluated using focus variation microscopy Alicona Infinite Fo-
cus - IFM (Bruker, Kontich, Belgium) following ISO 4287 and 4288.

Copper and copper alloy thermal conductibility was measured with a TPS2500 from
Hot Disk (Hot disk AB, Goteborg, Sweden) based on the Transient Source Plane (TPS)
method and suitable for measuring a wide range from 0.005 — 1800 W/m.K.

Microhardness measurements were performed on a Fisherscope H100 (Fischer Instru-
mentation LTD, Pershore, UK), equipped with a Vickers indentor (10 measurements per
sample, maximum load of 1000 mN, holding time of 30 s). Tensile tests were performed
on a SHIMADZU Autograph (Shimadzu, Kyoto, Japan), with a 100 kN load cell, ac-
cording to ISO 6892, at room temperature with a rate of 10 MPa per second. Tensile
specimens dimensions are in accordance to figure 3.12. All bulk values were taken from
CES Edupack material selection software [325].

100
32
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Figure 3.12: Tensile test specimen measurements, in mm.
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341 uCT

UCT is the main defect characterisation technique used in the present study, Surface and
inside defects tensile specimens were evaluated by X-ray micro-computed tomography
using a Bruker SkyScan 1275 (Bruker, Kontich, Belgium). Tensile specimens of SLMed
were polished on both the top and bottom surfaces until a thickness of 2 mm was achieved.
For all 3Dobjects, an acceleration voltage of 100 kV and a beam current of 100 uA were
set using a 1 mm copper filter with step-and-shoot mode. The images were acquired at
0.4° angular step with 10 frames average per step using an exposure time of 245 ms.
The uCT images were reconstructed with the dedicated manufacturer software. The pixel
size was set to the minimum value possible, and the random mode was used. For tensile

specimens, 10 pm was used; for MEX 316L and copper, pixel size was set at 8 pm.
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Chapter 4

MEX as a Paradigm of Defects in Solid
State Additive Manufacturing

This chapter highlights the groundwork necessary to attain the main objective of the
thesis, smart control of defects — in additive manufacturing — and their origin, in order to
achieve the necessary quality for structural/functional applications. Powder technologies
for manufacturing objects are supported in phenomena that generally occur in solid state
(e.g. pressing and sintering, powder injection moulding, ...). In additive manufacturing,
the challenge is not only in solid state, but also when using technologies where cooling
at high rates of a liquid phase is essential to attain the final object (liquid state additive
manufacturing). Thus, this chapter analyses defects in solid-state processes (MEX) and
is followed by two chapters where the liquid phase is essential to attain consolidation
(SLM).

The preselection of solid state additive processes as the demonstration, with universal
character, is due to the complexity of stages necessary to attain a 3Dobject. This enlarges
the spectra associated with the common type of defects in additive manufacturing. The
target is to highlight, but not establish, the report between defect and application, whatever
the additive manufacturing technology. The MEX is the most suitable indirect additive
manufacturing technology to achieve the disclosed goals. This technology, based on PIM,
accentuates the gaps between layers, which is uncharacteristic in PIM, so new challenges
for effective densification emerge. Moreover, the addition of additives to the binder (PIM)
may bring unforeseen consequences to the debinding step. Consequently, it is essential
to provide a critical overview of the defects and defect-inducing mechanisms existent in
MEX.
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As stated in chapter 2, defects in MEX can be separated into three specific steps: feed-
stock, shaping and consolidation (which includes debinding and sintering). As such, each

of these phases must be analysed separately to assess the processes of defect emergence.

4.1 Feedstock Preparation

Three types of filaments with different particle sizes and particle size distribution were
effectively analysed using uCT. One was developed at UC, and the other are commercially
available. UC filament presented some random defects throughout its volume, which
might be mainly related to trapped gas when mixing/extruding the filament. Furthermore,
elongated defects can be present close to the surface. This type of porosity is mainly due

to material recuperation after passing through the nozzle (figure 4.1).

Figure 4.1: 2D and 3D visualisation of defects location in UC filament cross-section (left and
right).

In what concerns BASF filaments, they show a large number of minor defects in the fil-
ament volume (figure 4.2). These defects may be related to a lack of effective binder wet-
tability between 316L powder and binder+additives (figure 4.3, right). Moreover, BASF
opted for using a solution of "encapsulating” their filaments with a polymeric coating,
providing strength and flexibility to the filament, making it effectively easier for han-
dling, which is visible by SEM (figure 4.3, left). It must be highlighted that this solution
may contribute to problems during 3Dshaping (nozzle clogging and excess of polymer in

the interface layers that constitute the green of the 3Dobject).

Virtual Foundry (VF) uses a different approach from UC and BASF filaments (figure
4.4). With a single binder polymer (PLA), bigger 316L powder particles, visible by uCT,

reveals stochastic defects and enormous interparticular spaces.



4.1 Feedstock Preparation 77

Figure 4.2: 2D and 3D visualisation of defects location in BASF filament cross-section (left and
right).

Figure 4.3: SEM of BASF filament cross-section.

Analysis of geometrical defects (e.g. eccentricity) through uCT demonstrates that higher
than optimal diameter filament is achieved through extruding with a 1.75 mm nozzle due
to the filament elastic recuperation. BASF and VF filaments have lower-than-optimal

filament diameters. All filaments studied have a small and similar eccentricity.

All filaments were submitted to the printer nozzle to assess the particle reorganisation
within the strand (feedstock after exiting the 0.4 mm nozzle) and mainly the polymer re-
sponse to the heat temperature. The UC strand shows the nonexistence of defects larger
than 10 um (UCT resolution). On the other, it is clear that the strand maintains the cylin-
drical aspect of filament (figure 4.6). Regarding BASF strands, they show small defects
throughout the length of the filament (figure 4.7). VF strands are deformed and full of

defects. This is to be expected from the larger metallic powder particle size when com-
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Figure 4.4: 2D and 3D visualisation of defects location in VF filament cross-section (left and
right).

Figure 4.5: Measured diameter and eccentricity of the different analysed filaments.

pared with UC and BASF filament since the diameter change from 1.75 mm (filament)
to 0.4 mm (strand) leads to massive particle stress and to an almost hollow cylinder with
irregular size (figure 4.8).

Eccentricity analysis (figure 4.9) seems to demonstrate that only the UC strand remains a
quasi-perfectly cylindrical shape, with a diameter closer to 0.4 mm. The wide eccentricity

range of values for the VF strand is a clear indicator of extreme shaping difficulties that
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Figure 4.6: 2D and 3D visualisation of defects location in UC strand cross-section (left and
right).

Figure 4.7: 2D and 3D visualisation of defects location in BASF strand cross-section (left and
right).

may arise from irregular strands within the 3Dobject.

As can be observed, uCT evaluation of the feedstock can be an effective tool for as-
sessing some of the expected defects that will occur during shaping and sintering. Some
feedstock characteristics can be previewed, such as powder size inadequacy and irregular

filament and strand sizes, as well as uneven powder/polymer distribution.

4.2 Green 3Dobject from UC filament

As stated in methodology (chapter 3), a test group of cylinders with different shaping pa-

rameters was manufactured. Layers of 0.15 mm from 0.45 mm strand size were selected
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Figure 4.8: 2D and 3D visualisation of defects location in VF strand cross-section (left and
right).

Figure 4.9: Diameter and eccentricity of the strands (UC, BASF, VF).

to be the standard for this study. It assesses the filament capability to be processed through
a 0.4 mm nozzle, whatever the layer height. A 0.05 mm final layer height was selected,
which is the equipment minimum capability. Strand size considerations are complex due
to the extruding physics involved in the process. When a strand is deposited, multiple fac-
tors must be considered due to nozzle movement, flow and interaction with the substrate.
Consequently, strand width is usually regarded as 0.45 mm for a 0.4 mm nozzle. Nev-

ertheless, when layer height was set to 0.15 mm, single, separated strands were evident
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(figure 4.10). This means that there is a general inadequacy of standard parameters for
this strand size and flow. Moreover, defects relating to path generation are clearly visible.
The comparison with the shaping input (figure 4.11), top 2D layer image to object clar-
ifies the observed intralayer defects. Moreover, a seam (the point where a single strand

starts and finishes) is visible, which causes a defect, impossible to avoid in MEX.

Figure 4.10: 2D cross-section of the HO.15W0.45 cylinder.

Figure 4.11: Top layer comparison between slicing input and final object (left and right).

Through defect and volume separation, using (CT, it is possible to observe them inside
the 3Dobject (figure 4.12). Volume rendering allows for the clear visualisation of stacked
porosity, with strand direction, layer per layer. This corresponds to the general inadequacy
of the strand width parameter to the selected height. Furthermore, a kind of corner defect

is visible and related to the stated inevitable strategy defects.
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Figure 4.12: 3D rendering of the HO.15W0.45 cylinder volume and defects (left and right).

Further decreasing the layer size did not have a significant influence on the overall lack
of density of the 3Dobject (figures 4.13 and 4.14). Poorly stacked strands are visible
throughout the object, which seems to affect its geometric accuracy. Besides infill strand
width inadequacy, lack of contour-infill overlap is also evident and prejudicial to the qual-

ity of structural/functional application.

Figure 4.13: 2D cross-section of the H0.10W0.45 cylinder.

Layer height reduction to 0.05 mm resulted in major alterations regarding the 3Dob-
ject density (figure 4.15 and 4.16). Stochastic porosity is the dominant defect. However,

a single layer of width inadequacy, related to flow changes due to filament geometrical
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Figure 4.14: 3D rendering of the HO.10W0.45 cylinder volume and defects (left and right).

variation or partial clogging, is the origin of the detected defects. This effect is more con-
nected with layer height reduction due to pressure increases in the nozzle. Nevertheless,
density is much higher in these 3Dobjects; geometrical dimensions were affected due to

over-extrusion, as is visible on the cross-section (X-Z) (Figure 4.15).

Figure 4.15: 2D cross-section of the H0.05W0.45 cylinder.

UCT measurements were applied to determine the actual width regarding 0.15 mm layer
height (figure 4.17). Measurements of 320-370 um were attained, and a width size of 350

um was set as the standard for the following productions.

Width adjustment was effective in reducing the gaps between strands (figure 4.18 and
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Figure 4.16: 3D rendering of the HO.05W0.45 cylinder volume and defects (left and right).

Figure 4.17: X-Z cross-section measurements of the H0.15W0.45 strand width.

4.19). However, it increases the chances of clogging. This led to a reduced volume of
defects but higher random defects and defect distribution. Moreover, it is visible that
the pressure between the nozzle and the printing bed had a densification effect by strand

deformation.

Cylinder HO.10W0.35 further demonstrates the difficulties and consequences of incon-
sistent extrusion (figure 4.20 and 4.21). Otherwise a defect-free infill cylinder, under-
extrusion caused a significant number of defects concentrated on the central part of 6-8
layers. Overpressure caused by part growth in Z-direction due to overextrusion may result

in the opposite defect by clogging.

Similar to cylinder HO.10W0.35, cylinder HO.05SW0.35 presents the same defect type
(figure 4.22 and 4.23). However, the larger diameter before the defect, reversed imme-
diately when the underextrusion mechanism is present, seems to support the advanced
hypothesis. Thus, effective control of nozzle pressure is essential for process reliability in
MEX of dense parts.
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Figure 4.18: 2D cross-section of the HO.15W0.35 cylinder.

Figure 4.19: 3D rendering of the HO.15W0.35 cylinder volume and defects (left and right).

All the cylinders produced in different conditions are collected in figure 4.24. The main
conclusion is that defect type is largely dependent on the selected shaping parameters.

Moreover, other assumptions can be highlighted:

— strand geometry is controlled by the pressure between the nozzle and the substrate;

thus, a complete prediction is only possible if real-time analysis is performed;

— overextrusion leads to clogging or geometrical deviations, which can be prejudicial

for part interior features, which cannot be accessed by machining the green;
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Figure 4.20: 2D cross-section of the HO.10W0.35 cylinder.

Figure 4.21: 3D rendering of the H0.10W0.35 cylinder volume and defects (left and right).

— random defects are mostly unavoidable in the production of the green due to the

intrinsic nature of the extrusion process.

To highlight the importance of filament-to-strand quality, several objects were produced
with VF filament. As expected, the quality of the part was primarily affected by the

inconsistent individual strands (figure 4.25).

Thus, uCT is an essential tool for observing the shaping quality in MEX products. More-
over, it is relevant as an optimisation tool. Feedstock quality defects consequences were

visible in the final 3Dobject. The shaping strategy is revealed as the main inducer of
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Figure 4.22: 2D cross-section of the H0.05W0.35 cylinder.

Figure 4.23: 3D rendering of the H0.05WO0.35 cylinder volume and defects (left and right).

defects, which are repeated in all the layers. The next relevant defect type is irregular
extrusion and underextrusion, which affects densification negatively. This is affected by

feedstock characteristics, such as powder size and filament diameter.

4.3 Consolidation (Debinding and Sintering)

The evaluation of the capability of the feedstock to be consolidated, independent of
the shaping parameters or reheating influence, was performed. Sections of all studied

filaments were sintered. UC sintered filament had no detectable porosity, maintaining
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Figure 4.24: 2D green cylinders cross-section comparison.

its integrity, despite being cylindrical. It must be highlighted that no support was used
during sintering (figure 4.26). Also, BASF filament maintained structural integrity, but
defects already present in the green filament were not resolved by sintering (figure 4.27).
Moreover, the sintering of BASF filament presents cracking of the filament, despite the
reduced width of the green. Consequently, further studies on the thermal sintering of

BASF filaments were not developed.
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Figure 4.25: 2D and 3D visualisation of defects location in VF green object cross-section (left
and right).

Figure 4.26: 2D cross-section of the sintered UC filament.

A comparison between green and sintered UV cylinders was performed. In the case of
cylinder HO.15W0.45, virtual interior channels caused by the non-optimal shaping pa-
rameters led to partial sintering of the part. The content defects after sintering are similar
to the green (figure 4.28). Moreover, intense warping is observed. This behaviour may
be due to the debinding-related stresses resulting in geometrical distortion. The base of
the cylinder contraction led to warping. Exhausted gas (from polymer ustulation) from
the cylinder interior helped to increase the distance between the strands since the inter-
strand connection was almost non-existent. Furthermore, during the shaping step, there
is a possibility of inducing thermal stresses that, when starting the debinding process, can

result in object warping. 3D digital image comparison of the defects in the green and
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Figure 4.27: 2D cross-section of the sintered BASF filament.

sintered part shows that no major defects have disappeared, and the geometrical aspect

has degraded, like in PIM manufacturing process (figure 4.29).

Figure 4.28: 2D cross-section comparison of HO.15W0.45 cylinder, green and sintered (left and
right).

Since the consolidation had similar behaviour regarding the same shaping heights and
was less affected by strand width, in this section, cylinders were grouped per height and
not per width. Thus, cylinders shaped with 0.35 mm strand width (HO.15W0.35) showed
similar behaviour to HO.15W0.45 (figure 4.30). The interspace between strands was in-

creased, and some warping is yet clearly visible. The magnitude of the warping seems
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Figure 4.29: 3D rendering comparison between green and sintered (top and bottom)
HO0.15W0.45 cylinder volume and defects (left and right).

to be reduced by the improvement of green density, as expected. Furthermore, some
small defects were reduced on the lower half of the cylinder, mainly due to the warping

movement leading to void closure (figure 4.31).

Figure 4.30: 2D cross-section comparison of HO.15W0.35 cylinder, green and sintered (left and
right).
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Figure 4.31: 3D rendering comparison between green and sintered (top and bottom)
HO0.15W0.35 cylinder volume and defects (left and right).

The cylinders HO.10WO0.45 had a different sintering behaviour from the HO.15W0.45
(figure 4.32). The compaction from the green to sintered object is clear. The reduction
of the cylinder in the Z direction (height) must be due to an effective increase of weight
resulting from the relation H:W and the variation of linear defects in XY directions. This
occurs typically during debinding. After sintering, this led to a smaller 3Dobject with
a higher density than HO.15W0.45. However, the increased density in the central zone
induced a crack in the 3Dobject (figure 4.33). This was not to be expected when the de-
fects/voids are connected to the surface, which significantly reduces the stresses caused by
the possible concentration of gas from debinding ustulation. Consequently, the structural
collapse of the reticulated infill can be observed in figure 4.32 (bottom right).

Cracking issues increased when the strand width was reduced (figure 4.34). Moreover,
cracking occurred in two distinct zones. The first one, from the top, was initiated on
the underextruded layer, which is mainly a delamination phenomenon. The second crack
occurred on the lower half of the object, where the density was higher. Since warping is
observed, some internal stresses during sintering could have led to the delamination due

to cracking (figure 4.35).
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Figure 4.32: 2D cross-section comparison of H0.10W0.45 cylinder, green and sintered (left and
right).

Figure 4.33: 3D rendering comparison between green and sintered (top and bottom)
HO0.10W0.45 cylinder volume and defects (left and right).

Observations from cylinder HO.05W0.45 confirm that the debinding cycle seems not to
be optimised to the binder & additives debinding behaviour (figure 4.32). The pressure
from gas entrapment led to delamination in the 3Dobject. Even in dense parts, this is the

demonstration that in MEX, intralayer strength is stronger than interlayers. This resulted
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Figure 4.34: 2D cross-section comparison of H0.10W0.35 cylinder, green and sintered (left and
right).

Figure 4.35: 3D rendering comparison between green and sintered (top and bottom)
HO0.10W0.35 cylinder volume and defects (left and right).

in some highly deformed layers with wide gaps. Otherwise a relatively dense cylinder,
some of the green voids were reduced, delamination during consolidation caused wide

interior defects that compromised the geometrical integrity of the 3Dobject (figure 4.37).
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Figure 4.36: 2D cross-section comparison of H0.05W0.45 cylinder, green and sintered (left and
right).

Figure 4.37: 3D rendering comparison between green and sintered (top and bottom)
HO0.05W0.45 cylinder volume and defects (left and right).

The presence of an underextruded layer on the bottom half of the cylinder leads to low
consolidation changes relative to the green object. However, the dense top half showed
severe cracking. The presence of "chimneys" for gas flow during sintering is deemed es-

sential for thicker objects, as in PIM. However, the binder and additives can widely affect
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the object thickness range for sintering. Consequently, deep insight into the influence of

these defects caused by gas flow must be the object of future studies.

Figure 4.38: 2D cross-section comparison of H0.05W0.35 cylinder, green and sintered (left and
right).

Figure 4.39: 3D rendering comparison between green and sintered (top and bottom)
HO0.05W0.35 cylinder volume and defects (left and right).

All the sintered cylinders produced are collected in figure 4.40. Debinding and sinter-
ing issues are evident for all the manufactured 3Dobjects. Total debinding and sintering
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time, including dwell times, must be optimised according to the physical and chemical

behaviour of the feedstock components.

Figure 4.40: 2D cross-section comparison of the sintered cylinders.

Whatever the sintering atmosphere, consolidation did not produce good results (figures
4.41 and 4.43). Besides the large gaps due to sintering, cracking, and delamination, in-

trastrand porosity is widespread due to precarious consolidation (figures 4.42).
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Figure 4.41: Micrographies of the polished surface of a 316L cylinder sintered under hydrogen
atmosphere.

Figure 4.42: SEM detail of the polished surface of a 316L cylinder sintered under hydrogen
atmosphere.

Figure 4.43: Micrographies of the polished surface of a 316L cylinder sintered under argon
atmosphere.

A part produced by MIM undertook the same consolidation parameters as its MEX coun-
terparts, resulted also in disastrous effects (figure 4.44). The prevalence of widespread
porosity in the thin part corroborates the anticipated theory of general inadequacy of the

feedstock to thermal treatment.

An overlook of defects in MEX revealed that uCT is an essential tool for AM quality
evaluation. Moreover, green defects consequences on the consolidation behaviour could

be effectively predicted. The use of modelling, combined with uCT is, therefore, a smart
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Figure 4.44: Micrographies of the polished surface of MIM 316L, sintered under argon
atmosphere.

development that can be achieved to predict the consolidation behaviour, thus saving high
sintering costs, contributing for MEX to become a sustainable technology. This can be
achieved through a series of rules regarding the consequences of each green defect type on

the consolidation, feeding a digital model attained on the yCT to the modelling software.
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Chapter 5

Conventional SLM of Copper and
Copper Alloys Powder

Up to now, one of the metals that gives rise to enormous problems during its processing
by SLM is copper. In the last decennia, SLM equipments were constituted by a fibre
laser of ytterbium, with a wavelength of 1070 nm. This radiation was not suitable for
copper powder and, therefore, it was not possible to attain the desired quality for copper
3Dobjects. A significant quantity of defects could be present in the 3Dobject. Thus,
the selection of this metal had the goal of enhancing the role of uCT in the detection of
defects.

SLM defects resulting from AM of copper powder were also complemented with the

defects present after the addition of other significant elements.

5.1 SLM of Pure Copper

Up to now, it has been a challenge to process copper by SLM due to its reflectivity and
high thermal conductivity. In order to mitigate this problem, high laser power (P) should
be used, contributing to the increase of the VED. However, uncontrolled melting pool and
laser backfire (reflection shattering the laser deflection mirror), may occur [326]. Never-
theless, research works do not point to a specific set of VED to attain high densification
in reproducible conditions, so a test group was designed, as previously indicated in table
3.5. A combination of high laser power and different scan speeds (different high VEDs)

of a set of seven objects are shown in figure 5.1.
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Figure 5.1: Pure copper 3Dobject by SLM.

All set parameters achieved a final 3Dobject. In spite of recent literature results [327], all
3Dobjects had less than 95% of the powder density. The low density of 3D cubes is highly
detrimental to their thermal and electrical conductivity and is in line with state-of-the-art.
Surface micrography (figure 5.2), as well as uCT of the 3Dobjects (figures 5.3 and 5.4)
were analysed. Whatever the VED (130-220 J/mm3) or scanning speed selected, the low
density seems to result from an irregular melting pool, as expected from the low absorp-
tion of copper, which should lead to partial melting. The balling effect is seen throughout
the surface and is especially higher close to it, where thermal accumulation due to re-
peated laser scanning is low. A general remelting, whenever a new layer is scanned, does
not seem to be sufficient to increase the overall density of the copper 3Dobjects, but only

contribute to aggregate the particles.

Figure 5.2: Optical micrography of pure copper SLMed 3Dobject.

For further investigation about thermal conductivity regarding pure copper produced by
SLM, with the best parameters, a small disk with suitable diameter and thickness, ac-
cording to equipment (hot disk thermal constants analyser) was produced. The overall
thermal conductivity was below 60 W/m.K, which is far from the 398 W/m.K attributed

to copper [325]. This significant decrease in thermal conductivity can be concluded that
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Figure 5.3: 2D cross-section of the SLMed B1 pure copper 3Dobject.

Figure 5.4: 2D cross-section of the SLMed C1 pure copper 3Dobject.

copper SLM objects produced with standard parameters are not suitable for copper ap-
plications. This occurrence was overcome by the addition/substitution of other materials
when produced by SLM. This could aid in improving the thermal conductivity of SLM
copper objects [328].

5.2 Tailored Copper Mixture for SLM

One of the more exciting opportunities brought forth by SLM is the possibility of devel-
oping new alloys for specific uses from powder particles. Furthermore, the opportunity of
multimaterial processing through additive manufacturing, harvesting the described main
advantages of copper alloys and the hardness (e.g. steels) is exciting. This has been a

persuasive argument for the continued development of SLM-manufactured copper and
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copper-based alloys, where the other metallic element may contribute to better bulk den-
sity and, and good thermal conductivity (> 60 W/mK). Conventional processes fail to
produce a good Cu-Fe alloy due to the immiscibility of the Fe phase in the copper matrix.
However, the different behaviour of iron versus copper when submitted to a laser source
in SLM can induce a significant improvement of 3Dobject quality. Porosity decreases

significantly because iron, which has no problems in SLM, avoids it.

In this work, the copper powder was mixed with austenitic stainless-steel powder - 316L
(source of Fe), and not with pure iron due to eventual problems of oxidation and phase
modification that could be present in iron. The weight ratio of copper:steel selected was
80:20 and was compared in what concerns the defects with pure copper. Due to the
adjustments brought by steel addition, a large test group of powder was produced with
medium to high laser power and volumetric energy density. This option has contributed
to highlight the role of microtomography in establishing the limits of defect detection,
whatever the metallic alloys processed by SLM.

Table 5.1 summarises the densities for all the 3Dobjects produced and compares them
to a theoretical density of the copper element and stainless steel 316L studied mixture.
As can be discerned, achieved densities are higher when power reaches 400 W. The steel
presence seems to be an aggregating agent that serves as a stabilising presence to the pure

copper.
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Table 5.1: Cu-Fe test group objects density compared to a theoretical Cu-Fe mixture density.

Mixing Density
. 3Dobject Average Copper:Fe, Cr,
3Dobject . K . .
Density (m—§> Ni (Austenitic
59 (%)
V140W200 8210 8678
V140W250 8420
V140W300 8009
V140W350 8350
V140W400 8210
V160W200 8310
V160W250 8250
V160W300 8290
V160W350 8290
V160W400 8580
V180W200 8280
V180W250 8300
V180W300 8310
V180W350 8370
V180W400 8490
V200W200 8280
V200W250 8330
V200W300 8270
V200W350 8390
V200W400 8460
V220W200 8370
V220W250 DNF
V220W300 8360
V220W350 8290
V220W400 8510

The highest density 3Dobjects (in bold on table 5.1) were selected for further analysis.
Steel islands on the copper matrix are clearly visible throughout the 3Dobject. However,
big steel islands can also be observed, which may arise from the remelting that occurs
when a new layer is scanned, which increases element mobility within the matrix. EBSD

images confirm the immiscibility of the steel in the copper matrix, as has been observed in
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conventional fabrication processes (figure 5.8). Furthermore, EBSD quantification of the

copper:steel relation is close to 80:20 with a weight percentage of iron ~ 20.6 £ 3.1%.

Figure 5.5: Optical micrographies of 3Dobject V160W400 surface.

Figure 5.6: Optical micrographies of 3Dobject V180W400 surface.

Figure 5.7: Optical micrographies of 3Dobject V220W400 surface.

The uCT of 3Dobjects V160W400, V180W400 and V220W400 (figures 5.9-5.11) cor-
roborate the justification of the highest density measured by Archimedes method. Some
random defects can be observed throughout the 3Dobject volume. These defects can be

resultant of LOF defects due to the high thermal conductivity of copper.

For comparison, the worst finished 3Dobject was also uCT analysed (figure 5.12). The

overall presence of defects is clear. These are mainly related to hatching space, being
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Figure 5.8: EBSD element distribution for 3Dobject V220W400.

Figure 5.9: 2D visualisation of 3Dobject V160W400 cross-section.

visible as the separation between melting pools in the X-Z direction. Since all the ob-
served defects can be related to this type of defect inducer, a corrected hatching space

may provide better results, increasing the VED if maximum power is limited.

To understand the mechanism of copper:steel production in SLM, a test group of in-
creasing 3Dobject building height was made, with heights of 0.5; 1.0; 2.0; 4.0 and 8.0

mm. Surprisingly, bigger steel islands seem to be less prevalent in the bigger objects.
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Figure 5.10: 2D visualisation of 3Dobject V180W400 cross-section.

Figure 5.11: 2D visualisation of 3Dobject V220W400 cross-section.

An effective melting pool is shown, through Marangoni currents, to be an effective way
of mixing elements in SLM processing. In accordance with that, a special prevalence of
steel islands in the melting pool boundary is related to the density of this element within
the alloy (figure 5.13).

Density was measured for all heights (table 5.2). An increase in density is apparent. A
remelting effect may be acting as a porosity correction mechanism by filling the spaces
that were not fully melted on the previous layer.
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Figure 5.12: 2D visualisation of 3Dobject V140W300 cross-section.

Table 5.2: Density of copper-iron 3Dobjects with different heights.

3Dobject 3Dobject Density <%)
0.5 mm 7888
1.0 mm 8176
2.0 mm 8381
4.0 mm 8420
8.0 mm 8339

The ptomography upholds that the initial defects disappear with an increase in 3Dob-
ject height (figures 5.14-5.18). LOF defects gradually disappear, and random porosity is
more dominant. However, a further increase to 8.0 mm height seems to contribute to a
slight increase in porosity, but can be mainly attributed to process reproducibility. Further

characterisation fails to show any reason for this behaviour.

Diffractograms of the highest density copper:steel 3Dobject were compared to the small-
est and highest height 3Dobjects (figure 5.19). When compared to the virgin powder, an
austenitic phase corresponding to the steel addition is evident in the XRD. Furthermore,
SLM production of copper-steel did not affect the powder material significantly, and the

presence of copper oxide is not evident.

The addition of steel powder to copper decreases the defects, as detected by uCT, and
emphasises density values. Inside SLM 3Dobject, it could attain 99% of densification
against 95% of copper. This is associated with an improvement of alloy properties con-

tributing to a significant increase of the 3Dobject hardness (table 5.3).
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Table 5.3: Microhardness and density of copper-steel objects.

3Dobject Hardness (HV) 3Dobject Density (%)
V160W400 164 £ 6 8580
0.5 mm 166 £3 7888
8.0 mm 173 £ 8 8339
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Figure 5.13: Optical micrographies of Cu-Fe 0.5 (a), 1.0 (b), 2.0 (¢), 4.0 (d), 8.0 (¢) mm height
3Dobjects.
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Figure 5.14: 2D visualisation of 3Dobject height 0.5 mm cross-section.

Figure 5.15: 2D visualisation of object height 1.0 mm cross-section.
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Figure 5.16: 2D visualisation of object height 2.0 mm cross-section.

Figure 5.17: 2D visualisation of object height 4.0 mm cross-section.
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Figure 5.18: 2D visualisation of object height 8.0 mm cross-section.

Figure 5.19: XRD diffractograms of the 0.5, 8.0 mm and V160W400 (B5 as a standard)
copper-steel 3Dobjects.



Chapter 6

Case study: Role of additive
manufacturing on SS 3Dobject
properties with minor interference of

process defects

The main objective of this chapter is to highlight the importance of defect minimisation
due to the powder characteristics and SLM processing parameters. This contributes to
demonstrate the role of structural modifications induced by additive manufacturing on the
mechanical properties of the 3Dobjects. This case study also led to a better understanding

of the carbon content role in SS processed by SLM.

6.1 SLM of Stainless Steels

First of all, the study was focused on one of the most studied powder materials processed
by additive manufacturing — stainless steel 316L (AISI). Moreover, all the stainless steel
powder studied was processed using the established parameters (EOS®). This allows to

compare the results of the present research with the enounced in the state of the art.

6.1.1 Standard Stainless Steel Production

The EOS®parameters must be related to the lowest content defects, whatever their lo-
cation inside the 3Dobject. However, uCT analyses reveal in the 3Dobject (tensile speci-

men), fabricated in the established conditions, that there is a small concentration of defects
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close to the surface (>200 pm), but without contact with the exterior (closed defects). Fig-
ure 6.1 shows pores that have an irregular shape, which may correspond to lack-of-fusion
defects due to deficient contour-infill hatching distance. This type of defect can be solved
by decreasing this parameter or increasing the laser power in contour zones. Further-
more, the contour is usually at an angle in relation to infill scanning, which may result in
LOF between the two scanning zones, even if the hatching space is correct. A 2D view
of the object confirms the small prevalence of interior defects and the clear incidence of
close-to-surface pores. Also, interior pores are low and mostly random since their size
and location do not seem to be directly correlated to any yCT visible pattern. However,
this can occur and, if spherical, can be attributed to high VED, resulting from the keyhole

regimen.

Figure 6.1: 3D rendering of defect location within the SS 316L 3Dobject volume.

In order to evaluate the degree of optimisation attained, the density of the 3Dobject was
measured. Density values for 316L (table 6.1) correspond to ~ 1% of defects in 3Dob-
jects, similar to other authors values and could also be attributed to phase modification
during processing [224]. A direct comparison with the virgin powder is considered more
important due to the intrinsic phase changes that the material is subjected to during atom-

isation, which is lacking when compared to standard bulk stainless steel.

Table 6.1: SS 316L powder and 3Dobject density.

Powder Density . . (K Densification
Type Kg 3Dobject Density (—%)
m m (%)
m
316L 7880 7790 99

In fact, X-ray diffraction of the 316L virgin powder and 3Dobject (figure 6.2) show
that the total austenitic phase results from the processing of the virgin powder, that is
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constituted mainly by austenite but also by ferrite/martensite. This means that the residual
ferrite/martensite phase disappears during processing. A strong orientation (220) can be
observed in the 3Dobject. The preferential direction is according to <011>, resulting from
thin and deep melting pools. Mechanical properties are often improved when this texture
is attained, as reported by Sun et al. [329]. However, a recrystallisation procedure may be

performed to achieve properties closer to bulk 316L.

Figure 6.2: X-ray diffractograms of the 316L powder and 3Dobject (bottom and top).

After showing the reduced influence of defects on the 3Dobject densification, it was
possible to analyse the effect of SLM on the microstructure, having as standard the 316L
bulk. Micrographies of SLM-processed SS 316L powder (figure 6.3) show a homogenous
equiaxial grain distribution. However, a typical microstructure resulting from SLM is

anisotropic with preferential growth in the melting pool direction.

Roughness analysis of the 3Dobject surface (table6.2) reveals a prevalence of a waviness
corresponding to the scanning direction (figure 6.4). Surface roughness (cf. chapter 2),
can be an indicator of melting pool suitability. The extremely high roughness (=16 um)
compared with the roughness of subtractive manufacturing (=2-6 um) of SS 316L. 3Dob-
ject confirms the deep melting pools that result in high growth in ZZ’ direction. Moreover,
a thin melting pool corresponds to a texture that can also be observed through the valleys
between solidified melting pools (figure 6.4). The optimal overlap in steels is considered
to be around 30%. Thus, intermelting-pool distance can result in a lack of fusion pores on

the lower layer space between the melting pools. Furthermore, an incidence of spattered
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Figure 6.3: Optical micrography of etched surface of 316L stainless steel after SLM (200x).

powders can be seen scattered around the object surface, resulting from powder partial

melting, which further decreases surface quality.

Figure 6.4: Optical micrography of the 316L stainless steel surface (50x).

Table 6.2: Average roughness values of 316L 3Dobjects.

Type Ra (um) Rq (um) Rz (um)
316L 16.204 19.864 94.401

Comparisons between CAD data and final measurements of the tensile specimens were
made (table 6.3). A slight reduction in all directions is observed. This can be related to
a bad translation of the actual measurements by the scanning. Generally, melting pool
width is considered to be around 140 um. Any modification in relation to this assumed
value will result in a final 3Dobject variation. To mitigate this factor, an extra thickness is

included in the design of the part and it can be machined after fabrication.
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Table 6.3: Comparison between CAD and final SS 316L 3Dobject sizes of tensile test

specimens.
. . Width at Reduced
Type Width at Grip (%) . Length (%)
Section (%)
316L 99.40 + 0.24 98.50 £ 0.32 99.70 £+ 0.03

Tensile tests validate the final quality of SLM products. All the specimens have similar
tensile behaviour (figure 6.5). This reinforces the previous statement evaluated by uCT
shown that the defect prevalence is indeed low. When compared to the bulk 316L, tensile
properties have been improved, which can be connected to the resulting texture associated
with the low defect prevalence. However, as is common in SLMed 3Dobjects, strain is
slightly reduced. Table 6.4 summarises the tensile strain, and ultimate tensile strength and

compares it to bulk 316L.

Figure 6.5: Stress—strain curves for the 316L tensile test specimens.

Table 6.4: Elongation and ultimate tensile strength for 316L 3Dobjects, compared to bulk.

Ty 3Dobject ¢ Bulk ¢ 3Dobject UTS Bulk UTS
e

P (%) (%) (MPa) (MPa)
316L 254424 30-50 645 £ 10 550

Microhardness was also measured for the 316L. 3Dobjects (table 6.5). Lower hardness
than the bulk 316L was measured. This might be related to the nitrogen in the atmosphere,
during atomisation and SLM processing, grain size, orientation, and surface porosity (fig-
ure 6.1).
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Table 6.5: Microhardness of SS 316L objects.

Type 3Dobject HV ; Bulk HV
316L 133 £ 17 170-220

6.1.2 Stainless Steels and Carbon Content

Material reaction to the given energy is dependent on its chemical composition. On this
case study, stainless steels with three different carbon content but with similar alloying
elements were processed. Comparison with the results attained by 316L standard, manu-
factured by SLLM printing with similar processing parameters, was done. First of all, the
defects analysed were highlighted using yCT. 3D rendering of 630 SS confirms the idea
of inadequacy of contour to infill overlap as in 316L (figure 6.6). Large irregular pores

can also be observed on the boundary between the two scanning patterns.

Figure 6.6: 3D rendering of defect location within the SS 630 3Dobject volume.

In what concerns SS 420, it displays the same inadequacy between contour and infill,

visible for all studied steels (figure 6.7). Moreover, internal pores are also smaller and
rarer.

Although 440C resulted in the lowest density, when measured by Archimedes method,
it can be visible that it presents a high close-to-surface porosity (figure 6.8). However,
440C porosity is in accordance with the idea that the contour parameters become more
inadequate as the melting pool is reduced in size. A bigger presence of pores can be
detected closer to the surface. Overall lack of density is in line with LOF resulting from

inadequate hatching space and is not mitigated by the deeper melting pools observed on
the other stainless steels.
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Figure 6.7: 3D rendering of defect location within the SS 420 3Dobject volume.

Figure 6.8: 3D rendering of defect location within the SS 440C 3Dobject volume.

As a remark, it must be highlighted that the contour/infill pores can be rectified, for
example, by machining process if induced extra thickness, or offset, that must accounted

for in the first stage of design, as previously stated.

Density was measured for the three stainless steels selected and compared to the virgin
powder (table 6.6). An overall decrease in the density with carbon increase can be ob-
served. One of the major challenges of producing high-carbon steels is the vaporisation

of this element when directly affected by the laser beam.
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Table 6.6: SS 630, 420 and 440C powder and 3Dobject density.

. . . Densification (%)
Powder Density 3Dobject Density . .
Type ( Kg> < Kg ) (Disregarding phase
m’ m’ modification)
630 7880 7660 97.2
420 7820 7590 97.0
440C 7940 7490 94.3

Having in mind that virgin powder phases and texture could be different after SLM, for

a density understanding the diffractograms before and after SLM must be analysed.

XRD of the 630 stainless steel shows that an almost dual-phase steel was attained after
SLM processing (figure 6.9). The phasic composition is similar to 316L, but a non-
discernible preferential direction (220) is detected in 316L (figure 6.2).

Figure 6.9: X-ray diffractograms of SS 630 powder and 3Dobject (bottom and top).

A change in texture in austenitic phase (220) in 420 stainless steels is also visible, just as
observed in 316L (figure 6.10). A change in the austenite grain direction can be resulting

from SLM processing regarding microstructure growth due to melting pool phenomena.

In what concerns phases and texture present in virgin powder and SLM 3Dobject, no
change between virgin powder and SLM is visible in the 440C steel diffractograms (fig-
ure 6.11). Both have a unique phase - austenite, that shows a light tendency for a pref-

erential direction (220). Parameters may not be as harsh when considering the ultra-high
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Figure 6.10: X-ray diffractograms of SS 420 powder and 3Dobject (bottom and top).

carbon content that is present in 440C steel, resulting in mitigated texture changes in the
3Dobject.

Figure 6.11: X-ray diffractograms of SS 440C powder and 3Dobject (bottom and top).

The micrographies can contribute to understanding the reason for the densification mea-
sured by Archimedes density method. A thorough observation of the microstructures of
the selected stainless steels shows that the 630 and 420 SS have a more complex thermal

history, with the two austenitic and ferritic/martensitic phases related to the melting pool
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dynamics (figure 6.12). This contrasts with 440C SS, where the micrographies are similar
to the 316L stainless steel, which is in pair with the austenitic phase dominance revealed
by XRD. However, these results in 440C are in disagreement with the low-density values
measured. These low values could be attributed to the highest porosity close to the surface
in 440C detected by uCT, which could assume a density decrease in Archimedes density

evaluation.

Figure 6.12: Optical micrographies of the etched surfaces of 630 (a), 420 (b) and 440C (c)
stainless steels (200x).

The surface roughness (figure 6.13 and table 6.7) decreases as the carbon content in-
creases. As stated before, roughness can be an assessment of parameter suitability. 440C
melting pools are wider, and overlap is more acceptable. This corroborates the idea that
texture changes may be resultant of deep and narrow melting pools since 440C texture

changes are lighter.
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Figure 6.13: Optical micrographies of the 630 (a), 420 (b), 440C (c) surfaces (50x).

Table 6.7: Roughness values of SS 630, 420 and 440C 3Dobjects.

Type Ra (um) Rq (um) Rz (um)
630 12.988 16.030 79.347
420 7.669 9.440 53.783

440C 6.369 8.093 46.391

Reductions in specimen dimensions seem to be general for all steels and an answer to
the selected inputs (table 6.8). 440C had a universal decrease in size, bigger than the other
steels.



Case study: Role of additive manufacturing on SS 3Dobject properties with minor
126 interference of process defects

Table 6.8: CAD vs final 3Dobject percentage sizes of tensile test specimens (630, 420 and

4400).
. . Width at Reduced
Type Width at Grip (%) . Length (%)
Section (%)
630 99.60 4+ 0.19 99.00 £ 0.27 99.81 4+ 0.05
420 99.70 + 0.25 98.67 + 0.27 100.00 £ 0.06
440C 99.20 4+ 0.03 08.83 +0.25 99.58 + 0.05

Tensile tests (figure 6.14 and table 6.9) of the stainless steels studied show that 420 and
440C stainless steels have a completely fragile behaviour, without plastic strain when
compared to bulk steels. Furthermore, they have an outstanding UTS when compared to
the bulk, typicall in SLM 3Dobjects. SS 630 show a particular behaviour connected to
the present dual phase (ferrite/martensite and austenite). TRIP (strain-induced martensite
formation) effect is resultant of a high content of retained austenite [320,321,330]. This

effect results in a higher strain than normally observed in heat-treated SS 630.

Figure 6.14: Strain—stress curves for SS 630 (red), 420 (green) and 440C (blue) steels.
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Table 6.9: Elongation and ultimate tensile strength for 630, 420 and 440C 3Dobjects, compared
to bulk (according to databases).

Type 3Dobject Bulk ¢ 3Dobject UTS Bulk UTS
€ (%) (%) (MPa) (MPa)
630 100 £ 1.3 4-6 1020 £ 33 943
420 0.7£0.2 5-11 814 £ 74 655
440C 04+£0.1 0.54 1164 £ 13 760

The microhardness values of the SLM 3Dobjects produced from the powders of SS 630,
420 and 440C were higher than the maximum hardness of the bulk steels processed by

conventional approaches, including heat treatment (table 6.10).

Table 6.10: Microhardness of the SS 630, 420 and 440C objects, compared to bulk (according to

databases).

Type 3Dobject HV Bulk HV 4
630 306 & 11 250-460
420 647 £+ 27 260-641

440C 803 + 26 510-760
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Conclusions

The final quality of a 3D object produced using powder technology depends heavily on
the size, distribution, and localization of defects, as well as the microstructure. This thesis
aims to investigate the effect of metal 3D objects processed by additive manufacturing in
solid (SSAM) and liquid states (LSAM) on their microstructure and extrinsic properties.
The primary goal was to minimize the impact of stochastic defects that result from pow-
der material and processing parameters, which are selected based on the metal additive
technology used. This thesis highlights the microstructure induced in the final structural

properties for the intended application.

A thorough analysis of stochastic defects was performed using the uCT technique, which
provides an extraordinary and unique insight into internal defects. The studies on SSAM
and LSAM 3D objects revealed that there is a significant difference in the type, localisa-
tion, and dimensions of defects between the two groups. LSAM processes, such as MEX,
where 3D objects are built from a filament that is reduced from millimetric to micromet-
ric thickness layers, lead to distinct defect types. The study also illustrates the tendency
of SSAM products to present large pores that are generally harmful to the final quality.
However, different powder materials can attain high densification values after suitable pa-
rameter selection, particularly if high pressure is applied in the green solid (such as cold

isostatic pressing - CIP).

Regarding LSAM, Copper and standard material SS 316L were selected to establish the
limits of the defects created during the processing. The puCT technique led to a detailed
analysis of the subsurface and internal characteristics of the 3D objects. The dimension
of defects in LSAM tends to be smaller than in SSAM, with a preferential distribution
closer to the surface. While these pores may be detrimental to the mechanical properties
of the 3D objects, this is not always well understood or predictable. The effects of these
defects on mechanical properties are not fully considered, which is due to the AM effect

on final microstructures, which is usually not taken into account.
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The study shows that SLM parameters used for SS 316L induce low porosity and high
densification in other stainless steels with low nickel and higher carbon content. How-
ever, the study of attained LSAM microstructures, without post-processing treatments, is
necessary to assess the mechanical behaviour of 3D objects. The hardness and UTS of
SLM 3D objects are higher than those of bulk stainless steels with the same chemical
compositions after heat treatments. This is due to a direct relationship between carbon
and elements with high affinity to it (e.g., chromium, molybdenum) since the content of
other elements of the selected stainless steels is insufficient for carbide formation. More-
over, the stabilisation of residual austenite present in the steels with higher carbon content
can result from the processing atmosphere; nitrogen is more effective than other elements

in the matrix.

The anisotropy observed in all stainless steels resulted from the selected scanning strat-
egy and VED values. In the studied stainless steels, the microstructural difference, when
compared to conventionally processed bulk materials, is mainly due to the processing at-
mosphere. Therefore, a constant VED can be used to process different stainless steels with
varying carbon compositions. X-ray tomography, associated with new practical method-
ologies, emphasises, non-destructively, the true effect of defects and highlights the role
of phase transformation and microstructures in the physical and mechanical behaviour of
3D objects.

By using advanced modelling techniques, it is possible to evaluate the impact of de-
fects on the microstructure and macroscopic properties of the 3D object, and to optimise
the production parameters to minimise the defects and enhance the performance of the
final product. The integration of modelling with experimental methods can lead to a
comprehensive understanding of the underlying physics and mechanics of the additive
manufacturing process, and enable the development of reliable and efficient strategies for

producing high-quality 3D objects.

Future Work

The fatigue properties of 3D objects are highly dependent on the extent of total porosity
and the distance of defects from the surface. Pores located within 1 mm of the surface are
known to act as typical crack initiators, which has previously been underestimated. How-
ever, the use of microcomputed tomography (UCT) can provide a better understanding of

the impact of such defects on fatigue, as demonstrated by the Proof of Concept project
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AM.PPT, CCDRC, PT2020. The effects of post-processing thermal and pressure treat-
ments on the removal of pores and residual stresses must be thoroughly investigated to
achieve a balance between their effectiveness and any potential negative impacts. Surface
treatments, such as shot or laser peening, can also be considered, as they not only induce

compressive stress in the material but also partially or totally close near-surface pores.

Furthermore, future studies should investigate the influence of carbon content on solid-

state additive manufacturing of 3D objects.
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Abstract: Metal additive manufacturing (AM) has been evolving in response to industrial and social
challenges. However, new materials are hindered in these technologies due to the complexity of direct
additive manufacturing technologies, particularly selective laser melting (SLM). Stainless steel (SS)
316L, due to its very low carbon content, has been used as a standard powder in SLM, highlighting
the role of alloying elements present in steels. However, reliable research on the chemical impact of
carbon content in steel alloys has been rarely conducted, despite being the most prevalent element
in steel. Considering the temperatures involved in the SLM process, the laser-powder interaction
can lead to a significant carbon decrease, whatever the processing atmosphere. In the present study,
steels with increasing carbon content—AISI 316L, 630 (17-4PH), 420 and 440C—were
processed under the same SLM parameters. In addition to roughness and surface topography, the
relationship with the microstructure (including grain size and orientation), defects and mechanical
properties (hardness and tensile strength) were established, highlighting the role of carbon. It was
shown that the production by SLM of stainless steels with similar packing densities and different
carbon contents does not oblige the changing of processing parameters. Moreover, alterations in
material response in stainless steels produced under the same volumetric energy density mainly
result from microstructural evolution during the process.

four stainles

Keywords: additive manufacturing; selective laser melting; stainless steel; AISI 316L; AISI 630
(17-4PH); AISI 420; AISI 440C; carbon content

1. Introduction

Metal additive manufacturing (MAM), and particularly selective laser melting (SLM),
is an effective way of producing steel metal parts [1]. In SLM, a laser is used to melt and
fuse metallic powder particles, layer by layer, to build the desired three-dimensional shape
(3D object) [2]. SLM was shown to be able to produce low-carbon stainless steel with good
quality and reliability [3]. However, some properties in SLM are primarily dependent on
the processing step, since a large number of variables affect the quality of final parts, such as
powder characteristics, atmosphere, the response of the material to the volumetric energy
density (VED) and the rapid heating and cooling cycles [4,5]. As a result, the complex
physical and chemical behavior in the melting pool leads to an anisotropic microstructure
and the appearance of voids, affecting the final properties [6,7]. The carbon content must
be carefully controlled during the manufacturing process, since its presence and quantity
can significantly impact the properties of the resulting steel. While the carbon content of
SLM-produced stainless steels can be controlled to some degree and generally leads to
better mechanical properties, typically associated with less corrosion resistance [8], these
steels have a tendency to form cracks and pores during the SLM process [9,10].

Besides porosity, which has a significant impact on mechanical properties, interstitial
defects (chemical composition of powder, processing atmosphere, etc.) during SLM and
microstructures can also contribute to substantial variations in the properties of the stainless

Materials 2022, 15, 7575. https: / /doi.org/10.3390/ ma15217575
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steels. Thus, it is essential to carefully consider the properties of an SLM-produced alloy
before selecting it for application [11-13].

Stainless steel 316L has been the subject of many studies since the dawn of SLM [14].
The ease of production associated with the low carbon content, no phase transformation
(austenitic matrix) in the SLM process, and good mechanical properties make it a stan-
dard material in SLM [15,16], and it was used as a standard stainless steel in this study.
SS 630 studies have been growing in the last few years due to its excellent mechanical
properties [17]. Note that 420 martensitic stainless steel has also been of significant interest
in SLM, since its properties are suitable for specific applications, due to its high strength
and corrosion resistance [18]. Consequently, many studies have been published concerning
the microstructure, mechanical properties, and roughness of these stainless steels, pro-
duced by SLM ([19-21] —316L, [22-24] —630, [25-27] —420). SS 440C is also a martensitic
stainless steel, but has high carbon content; it is used in applications where high hardness
and corrosion resistance are necessary, such as bearings, knives and automotive parts [28].
As far as the authors are aware, this steel has not been subject to any studies regarding SLM
technology. Moreover, a detailed study comparing various stainless steels produced with
the same parameters in SLM is not available.

In addition to 316L, the standard, in the present study, three stainless steels with
similar chromium contents and various levels of carbon content were processed through
SLM, using the same atmosphere and set of SLM parameters, as a way to highlight the role
of carbon content in AM mechanical properties. A detailed study of the microstructures
of these steels compared with the powder was performed. It is worth noting that powder
production was also attained in the same atmosphere. The occurrence of defects and
their consequences on the mechanical properties can be highlighted by microcomputed
tomography (uCT). This non-destructive technique can be useful to study 3D objects pores,
voids and impurities distribution, whatever the material [29-31].

2. Materials and Methods

Four stainless steel powders with increasing carbon content were selected for this study,
attained by gas atomization. The 316L and 630 (17-4PH) stainless steels powder were from
SLM Solutions GmbH (SLM Solutions Group AG, Liibeck, Germany), and 420 and 440C
powders were from Sandvik Osprey Ltd. (Sandvik AB, Sandviken, Sweden). The powders’
chemical compositions are summarized in Table 1. Particle size and particle size distribution
(PSD) were evaluated by laser diffraction spectrometry LDS, Malvern Mastersizer 3000
(Malvern Panalytical, Egham, UK). SEM Quanta 400 FEG STEM (FEI Company, Hillsboro,
OR, USA) was used for powder shape-factor evaluation. Powder density was measured
(5 measurements per steel) by helium pycnometry with Accupyc 1330 (Micrometrics,
Norcross, GA, USA).

Table 1. Chemical compositions of the different stainless steels (wt.%).

Element C Cr Ni Cu Mo Nb + Ta Si Mn N P S o
316L 0.030 16-18 10-14 - 2-3 - 1 2 0.100 0.045 0.030 0.100
630 0.070 15-17 3-5 3-5 - 0.150-0.450 1 1 0.100 - 0.030  0.100

420 min 0.150 12-14 - - - - 1 1 - 0.040 0.030 -
440C 0.950-1.200 16-18 - - 0.750 - 1 1 - 0.040 0.030 0.100

X-ray diffraction to evaluate types of phases involved a Philips X'Pert diffractome-
ter (Philips, Egham, UK) at 40 kV, Bragg-Brentano geometry (6-26), cobalt anticathode
(A(kal) =0.178897 nm and A(ka2) = 0.179285 nm) and a current intensity of 35 mA. The X-
ray diffraction scans were carried out from 40 to 100° in steps of 0.025°, with an acquisition
time of 1 s per step.
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The SLM equipment was an EOS M290 system (EOS GmbH, Krailling, Germany)
equipped with a Yb-fiber laser (A = 1064 nm) with a maximum power of 400 W and a spot
size of 100 pm. The SLM processing was undertaken with an oxygen content below 0.1%
in the working chamber using a continuous flow of nitrogen. The laser power was set to
260 W, scanning speed was 1060 mm/s, hatch space was 100 pm and layer thickness was
30 um (VED = 82 ﬁ) The scanning strategy was a zigzag pattern with a rotation angle
of 67° between adjacent layers. Each batch included density cubes (10 x 10 x 10 mm?)
and tensile test specimens. Additionally, a 10° rotation relative to the substrate position
(Figure 1) was added to avoid contamination by spattering. All 3D objects were studied as
SLMed, without post-processing treatment.

Figure 1. Positions of the specimens on the SLM bed.

The final density was evaluated through the Archimedes method and averaged for
10 specimens (density cubes).

Surface and inside defects on tensile specimens were evaluated by X-ray micro-
computed tomography using a Bruker SkyScan 1275 (Bruker, Kontich, Belgium). Specimens
were polished on both the top and bottom surfaces of tensile test specimens until a thickness
of 2 mm was achieved. An acceleration voltage of 100 kV and a beam current of 100 pA
were set using a 1 mm copper filter with step-and-shoot mode. Pixel size was set to 10 um,
and the random mode was used. The images were acquired at a 0.4° angular step with
10 frames on average per step using an exposure time of 245 ms. The pCT images were
reconstructed with the dedicated manufacturer software.

Optical microscopy was done using a Leica DM 4000 M LED (Leica Microsystems AG,
Wetzlar, Germany) with a Leica camera, model MC 120 HD.

For 316L, 630 and 420 steels, etching used a Vilella solution (2 g of picric acid, 5 mL of
HCl and 100 mL of ethanol). For 440C, Kalling solution etching (5 g of CuCl,, 100 mL of
HCI and 100 mL of ethanol) was selected.

Surface roughness was evaluated using focus variation microscopy Alicona Infinite
Focus (Bruker, Kontich, Belgium) following ISO 4287 and 4288.

Microhardness measurements were performed on a Fisherscope H100 (Fischer Instru-
mentation LTD, Pershore, UK), equipped with a Vickers indentor (10 measurements per
sample, maximum load of 1000 mN, holding time of 30 s).

Tensile tests were performed on a SHIMADZU Autograph (Shimadzu, Kyoto, Japan),
with a 100 kN load cell, according to ISO 6892, at room temperature, at a strain rate of
10 MPa per second. Tensile specimens’ dimensions were in accordance with Figure 2.
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Figure 6. 3D visualization of the pores location within the 3D object volume for 316L (a), 630 (b),
420 (c) and 440C (d).

Table 3 summarizes the values of density of the 3D object and the relative porosity,
compared to powder density.

Table 3. Density comparison between powder and 3D object.

Type Powder Density <%) 3D Object Density (%)
316L 7880 7790

630 7880 7660

420 7820 7590
440C 7940 7490

3.2.2. Microstructure

X-ray diffractions of the 3D objects are shown in Figure 7. Stainless steel 316L showed
only an austenitic phase but a strong orientation in [220]. The texture corresponds to <011>
direction, which has a major influence on mechanical properties [32]. SS 630 showed an
increase in martensite, and 420 showed a shift in the austenite phase when compared to
the powder.

All observed stainless steels, besides SS 316L, tended to form elongated grains in
the scanning direction, which is common in metals processed by SLM (Figure 8). It was
possible to distinguish narrower elongated grains in 630, 420 and 440C, which allowed the
distinction between the previous layer (rotated 90°) and the current layer.
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Figure 10. Strain—stress curves for the 316L (black), 630 (red), 420 (green) and 440C (blue) steels.

Table 7 summarizes the elongation and ultimate tensile strength (UTS) of the stainless
steel tensile specimens.

Table 7. Elongation and ultimate tensile strength for each steel-type 3D object, compared to bulk [34].

Type 3D Objecte (%)  Bulke (%) 3D Object UTS (MPa) Bulk UTS (MPa)
316L 254+24 30-50 645 £ 10 550

630 10.0+1.3 4-6 1020 + 33 943

420 07+£02 5-11 814 + 74 655

440C 04+01 0.54 1164 + 13 760

4. Discussion
4.1. Powder

All selected powder particles had similar particle sizes, particle size distributions
and shape factors. However, some satellites were observed for 316L and 420 steel pow-
ders. These characteristics did not contribute to a significant discrepancy in the powder
flowability, and consequently, packing behavior in the powder bed. The difference in
measured powder density was mainly related to the phase composition of the steel and its
atomization atmosphere. Thus, the austenite phase is always present, resulting from the
atomization atmosphere—nitrogen. This is supported by the X-ray diffraction (Figure 4).
The SS 440C powder presented mainly the austenite phase and the highest powder density.
In opposition, the 420 powder showed the highest martensite content of all selected powder,
and therefore, the lowest density.

4.2. 3D Object
4.2.1. Density and Microstructure

A representative area of defects (Figure 6) shows that the main pores in all stainless
steel 3D objects were relatively similar, independently of carbon content. Surface finishing
is mostly obligatory in SLM, since close-to-surface defects can be the main driving force
for crack initiation, if not removed. Thus, the presence of these defects is not relevant
in real-world applications. However, due to nCT resolution, it can be concluded that
microporosity (<10 um) could also have been present. Nevertheless, this is not enough to
justify the measured 3D object’s density.
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Considering that the nitrogen atmosphere was similar for powder and 3D objects,
and the fact that the carbon content’s effects on the porosity distribution and percentage
were negligible, the density must be justified by taking into account the microstructure of
the steel (before and after SLM). This means that the density modification can be attributed
mainly to the content of the prevalent austenitic phase and the presence of carbide phases,
particularly in high-carbon content steels.

SLM processing of the 3D objects, despite 440C not sustaining a phase alteration,
affected the phase compositions of 316L, 630 and 420 steels. Particularly, 316L and
420 suffered a shift in the crystallographic orientation, and 630 had an increase in the
martensitic phase. This deviation in crystallographic texture resulted from short, deep melt
pools, resulting from higher laser power, as shown by [32].

As is common in metals processed by SLM, the microstructure is oriented toward
the scanning strategy. This is due to the heating and cooling rates involved in the SLM
process, which are the main drivers of microstructure growth. However, high carbon
presence in the melt pool was shown to have a particular effect on microstructure due to
the carbon movement in the direction of the melt pool frontier, resulting from Marangoni
convection [35,36]. Moreover, carbon is a significant element of austenite stabilization.
Thus, the carbon depletion of 630 may have been the driver for the increase in martensitic
content when compared to the same material powder.

Figure 8 displays apparent grain anisotropy in the 3D objects, whatever the steel. SS
316L’s clear etched surface was consistent with the fact that little-to-no martensite was
present in the steel, but grain orientation along the scanning direction was still visible. SS
630 presented a microstructure close to that of dual-phase steel, with austenite and marten-
site distributed almost equally within the steel and strong processed-caused anisotropy. SS
420 had a dominant martensitic phase with residual austenite. Martensite grew alongside
austenite in these steels, as a virtue of the complex melt pool temperature dynamics that
occur in the SLM production.

4.2.2. Roughness, Geometry and Topography

Melt pool beads could be seen all over the surfaces. However, it is possible to relate
the reduced z-growth of the melt pool with increased carbon content, resulting in lower
roughness for higher carbon steels. All steels presented fused powders on their surface,
which is detrimental to roughness but can usually be mitigated by shot-peening [37].

The geometrical deviation between the steels, after SLM, was low and consistent,
which can mean that the selected VED is indicated for all the steels. VED has a significant
effect on melt pool width. If too low, a clear frontier within adjacent melt pools should be
observed, along with oriented porosity along the scanning direction. If too high, an uncon-
trolled melt pool with varying lengths is achieved, and growth in XY direction is expected.
Consequently, VED must be considered to be within the optimal range for all the studied
stainless steels, corroborating the previous statements.

4.2.3. Mechanical Properties

The microhardness values of the SLM 3D objects produced from the powders of
630, 420 and 440C stainless steels were higher than the maximum hardness of the bulk
steels processed by conventional approaches, including heat treatment. Nevertheless,
SS 316L showed a slight decrease in hardness compared to the bulk due to the texture
assumed during SLM processing. In concomitance with hardness, UTS values for all
stainless steels studied, processed by SLM, show a tendency to be higher than the values
of conventional processing. It must be highlighted that SS 630 had hardness within the
range of the values assumed, considering the various heat treatments that can be used.
However, the tensile test showed a particular behavior consistent with the strain-induced
martensite formation (TRIP) effect observed by [1,23,24], resulting from a high retained
austenite content. This effect led to higher ductility than conventionally heat-treated
SS 630. SS 420 and 440C have higher hardness, and the UTS values are outstanding.
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Nevertheless, SS 420 processed by SLM is a brittle material with negligible elongation due
to an unconventional microstructure.

5. Conclusions

Whatever the carbon composition, the SLM parameters generally used for 316L induce
in other stainless steels with low nickel and higher carbon content low porosity and high
densification. The microstructures resulting from SLM without post-processing treatments
are mandatory for assessing the mechanical behavior of 3D objects. The hardness and UTS
of SLM 3D objects are higher than those of bulk stainless steels with the same compositions,
after heat treatment. This is due to a direct relationship between carbon and elements
with high affinity to it (e.g., chromium, iron, and molybdenum); however, the content of
other elements of selected stainless steels is insufficient for carbide formation. Moreover,
it must be highlighted that the stabilization of residual austenite present in the steels
with higher carbon content can result from the processing atmosphere; nitrogen is more
effective than other elements in the matrix. Furthermore, the strong anisotropy observed
in all stainless steels resulted from the selected scanning strategy and VED values. In the
studied stainless steels, the microstructural difference, when compared to conventionally
processed bulk materials, is mainly due to the processing atmosphere, so a constant VED
can be used to process different stainless steels with varying carbon compositions. Future
studies regarding the influence of carbon content in indirect additive manufacturing will
be compared to the results reported here.
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Abstract

Additive manufacturing (AM) of metallic powder particles has been establishing itself as sustainable, whatever the technology
selected. Material extrusion (MEX) integrates the ongoing effort to improve AM sustainability, in which low-cost equipment is
associated with a decrease of powder waste during manufacturing. MEX has been gaining increasing interest for building 3D
functional/structural metallic parts because it incorporates the consolidated knowledge from powder injection moulding/
extrusion feedstocks into the AM scope—filament extrusion layer-by-layer. Moreover, MEX as an indirect process can over-
come some of the technical limitations of direct AM processes (laser/electron-beam-based) regarding energy-matter interactions.
The present study reveals an optimal methodology to produce MEX filament feedstocks (metallic powder, binder, and additives),
having in mind to attain the highest metallic powder content. Nevertheless, the main challenges are also to achieve high
extrudability and a suitable ratio between stiffness and flexibility. The metallic powder volume content (vol.%) in the feedstocks
was evaluated by the critical powder volume concentration (CPVC). Subsequently, the rheology of the feedstocks was
established by means of the mixing torque value, which is related to the filament extrudability performance.

Keywords MEX - Filament - Additive manufacturing - Mixing torque - Austenitic stainless steel (316L)

1 Introduction

Additive manufacturing (AM) of powder metals and metal
alloys is an unavoidable area for Industry 4.0 owing to its
potential to address some of the most significant industrial
challenges in the twenty-first century concerning parts/sys-
tem/devices processing [1]. The rising trend to select AM
processes is based on new design approaches, the ability to
create near net shape 3D objects, cloud access to manufactur-
ing, shorter time-to-market, product customization, and circu-
lar economy [2]. Among other factors, the possibility of merg-
ing cost savings and new part properties and features that are
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impossible to obtain using traditional manufacturing technol-
ogies is the largest benefit of AM. This manufacturing para-
digm, concerning powder metal AM, has attracted significant
interest over the past few years, where AM direct methods
(e.g. Selective Laser Melting, Electron Beam Melting, etc.)
established themselves as technologies for functional/
structural metallic parts, with several components approved
by ISO and ASTM standards in industries such as aerospace
and automotive [3]. However, these processes have several
drawbacks, the high-power source that can promote micro-
and macroscopic defects in metallic parts due to the multiple
thermal treatments of the deposited layers; material range, due
to the energy-matter interaction that limits the powder charac-
teristics, like reflectivity and conductivity; and significant
powder wastes during manufacturing and handling hazard.
Besides, the high cost of direct AM equipment is one of the
major obstacles [4-10].

Material extrusion (MEX) and binder jetting (BJ) [11] are
already well-established technologies with market acceptance
for the AM. Based on this successful background, MEX and BJ
have been investigated with the aim to produce metallic and
ceramic functional/structural components through shaping,
debinding, and sintering (SDS). In these indirect AM processes,
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Fig. 1 MEX manufacturing route through the shaping, debinding, and sintering (SDS) process

unlike direct methods, the material processability is indepen-
dent of the power source, which makes the production of func-
tionally graded materials feasible [12]. Regarding shaping, BJ
and MEX differ from each other and are often complementary
technologies, since resolution, the optimal number of parts per
production, the necessity of supports, material, and equipment
costs are unique for each process. In BJ, the binder droplets are
selectively deposited to interact with powder particles, which
present new challenges not associated with MEX, such as
powder/binder wettability; binder vertical migration, since layer
height affects the penetration depth of the binder, through time
and capillary force; and binder saturation that must be fine-
tuned, as well as droplet size and dispensing frequency.
However, the metallic powder is fed independently of the bind-
er, which makes the rheological properties not as hard to control
as it happens with MEX, which is beneficial to achieve the
highest vol.% of metallic powder and less binder content in
the shaped 3D object [12, 13]. Even though both technologies
differ in what concerns the powder-binder processability, they
also face the same challenges, such as optimizing debinding
heating profiles to degrade the polymer is time-consuming;
possible undesired reactions from residual polymer ash that
could affect the final properties; and porosity, since both

technologies do not have high pressures that promote the
highest final part densification [12, 14].

The present study is focused on the MEX technology,
which was initially referred to as the fused deposition of
metals (FDMet), and then as Fused Filament Fabrication
(FFF) or as Metallic Fused Filament Fabrication (MF?) [15].
MEX is based on the fused deposition modelling (FDM™)
technology commercialized by Stratasys Inc. for polymers
and waxes, where the filament is composed of a mixture of a
high volume content (vol.%) of metallic powders with organic
constituents [16]. MEX is suitable for manufacturing geomet-
rical complex metal parts in conjunction with post-shaping
steps, such as debinding and sintering [17].

The processing by MEX technology consists of 5 stages
(Fig. 1), as follows: Stage 1, materials selection; Stage 2,
mixing (1+2=powder material extrusion feedstocks fabrica-
tion); Stage 3, feedstock extrusion (filament); Stage 4, 3D
part/device built layer-by-layer (green) from extruded fila-
ment; and Stage 5, binder removal (debinding) and subse-
quent consolidation of metallic powder particles (sintering).
The first two stages are fundamental to attain an appropriate
viscosity and an excellent balance between flexibility and
stiffness of the filament associated with the highest content

Fig. 2 a Particle size distribution (Malvern Mastersizer 2000) and b powder shape (SEM analysis, SE) of the SS 316L powder
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(%vol) of metallic powders and a subsequent homogeneity
(chemical and dimensional) needed to attain low porosity
and excellent quality of the parts/devices.

High-quality structural/functional parts/systems/devices
through an SDS process must include efforts to achieve the
highest content (vol.%) of the metallic powder particles
possible in the feedstock within the steady-state regime
but always taking into account the final mixing torque val-
ue. This becomes a significant challenge in MEX because
the mixture must be manufactured in a filament form. Based
on these assumptions, there are a few available studies in
the bibliography. Agarwala et al. obtained stiff and straight
filaments from feedstocks with 60 vol.% 17-4PH grade
stainless steel (SS) [18]. Kukla and Gutierrez et al. [19,
20] used 55 vol.% SS 316L and 17-4PH; Godec et al. [10]
also selected 55 vol.% SS 316L, as well as Burkhardt et al.
[21]. Anderson et al. [22] produced SS 316L grade fila-
ments with 55 vol.%; Kurose et al. [23] used SS 316L grade
filaments with 60 vol.%. Gloeckle et al. [24] performed an
extensive study on the printability of Ti-6Al-4V filaments
with up to 60 vol.% of inorganic material, and Singh et al.
[15] used the same Ti-6Al-4V with 59 vol.%. BASF SE®
has a commercially available SS 316L filament with a me-
tallic powder content lower than 60 vol.% [25].

The mechanical performance of MEX metallic filaments
has been a major limitation for increasing the ratio between
inorganic and organic constituents since high powder concen-
tration can lead to poor extrudability, where the filament be-
comes too brittle to be handled. A balance between stiffness
and flexibility must be guaranteed to promote filament print-
ability [15, 19].

The focus of the present study is to develop filaments with
the highest metallic powder volume content (>50 vol.%) that
link the primary MEX filament requirements to a suitable
viscosity and mechanical behaviour. The selection of the
highest content of metallic powder was evaluated by critical
powder volume concentration (CPVC) methodology [26-28].
This procedure aims to promote the highest part green density,
which is essential for maintaining the part shape integrity after
debinding and sintering.

The present study aims to contribute, whatever the powder
selected, to high-quality filaments for MEX technology, that is
in conjunction with binder jetting technology, the future of
AM of functional/structural 3D metallic objects.

Table 1SS 316L powder characteristics
dyo[wm]  dso[um]  dog[um]  SSA”[kg/m’]  p[kg/m’] "
4.63 9.43 16.60 786 7896 +30.2

*Specific surface area
**Density

2 Materials and methods
2.1 Characterization techniques

The characterizations of the powders, feedstocks, and fila-
ments were performed through the following techniques: laser
diffraction to measure the particle size (Malvern Mastersizer
2000, Malvern Instruments Ltd, Worcestershire, UK) accord-
ing to ISO 13320:2009(E); helium pycnometry to measure the
density, based on the mean of five runs for each specimen
(Micromeritics AccuPyc 1330, Micromeritics Instrument
Corporation, Norcross, GA, USA); scanning electron micros-
copy (SEM) to analyse the morphology and shape factor (FEI
Quanta 400FEG, FEI Europe BV, Eindhoven,
The Netherlands) x-ray diffraction (XRD) according to EN
13925:2003, to identify the phases (Philips X'Pert, cobalt ra-
diation A= 0.1789 nm and A= 0.1793 nm, Bragg-
Brentano geometry, Philips, Eindhoven, Netherlands); and
TGA to analyse the weight variation kinetics (TGA Q500
V20.13, TA Instruments, DE, USA). The filament was
micro-CT (X-ray micro computed tomography) scanned
using a Bruker SkyScan 1275 (Bruker, Kontich, Belgium).
An acceleration voltage of 80 kV and a beam current of
125 pA was set while using a 1-mm aluminium filter and
step-and-shoot mode. Pixel size was set to 6 um, and random
mode was used. In total, 1056 projection images were ac-
quired at 0.2° angular step with 5 frames average per step
using an exposure time of 46 ms. The micro-CT images were
reconstructed with the dedicated manufacturer software.

A three-point flexural test of each filament was performed
five times using SHIMADZU-EZ-LX (Shimadzu Corp.,
Kyoto, Japan) equipment with a load capacity of 500 N. The
load was applied to the specimen at a rate of 0.5 mm/min with
a span length of 20 mm.

3D prototype geometries were measured with Focus
Variation Microscopy (FVM) using Alicona InfiniteFocusG4
(Alicona Imaging; Graz, Austria). Hardness measurements, ac-
cording to ISO 6507-2:2018, were performed with a Shimadzu

Fig. 3 SS 316L XRD diffractogram; A Co = 0.1789 nm (Philips X'Pert)
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Table 2 Densities of the binder

and additives measured with a Ml TPE ULD-PE st pX

helium pycnometer

(Micromeritics AccuPyc 1330) Density [kg/m®] 970 £ 1 1028 +12.2 9144 £ 1.5 983 + 1 965 £ 0.6
S' Surfactant

P* Plasticizer

HMYV microhardness tester (Shimadzu Corp., Kyoto, Japan).
For each measurement, a load of 9.8 N was applied for 15 s
by a Vickers indenter.

2.2 Metallic powder, binder, and additives

The set material for this study was austenitic stainless steel
316L (SS 316L) since it is one of the most studied materials in
AM. This material can be a good standard for the methodol-
ogy to be established by the present work and extrapolated to
other metallic alloys [29].

The characteristics of the selected powders were studied
using the 4S’s methodology (size and size distribution, shape,
and structure). The particle size is dsg = 9.43 um. Figure 2
shows the particle size distribution (a) and particle shape fac-
tor (b). Shape factor was close to 1 for the nitrogen-atomized
SS 316L powders (Sandvik Osprey Ltd., Neath, UK).

Table 1 summarizes the powder characteristics.

The X-ray diffractogram (Fig. 3) of the SS 316L powder
exhibited a biphasic character, where the major phase was
austenite (ICDD 33-0397). However, other peaks with low
/I, were present, which can be indexed as (100), (200) that
are typical of ferrite/martensite (ICDD 87-0722). The cooling
stress could contribute to the evolution of the austenite phase
into martensite. Nevertheless, nitrogen atomizing results in

Table 3  Filament feedstocks

lower stress in the particles than those from water atomizing,
where martensite is more prevalent for a similar powder [30].

In the present study, the organic constituents of the feed-
stocks were divided into two primary groups: master binder
and additives; the last one includes the backbone and surfac-
tant/plasticiser. The selected master binder (M1) was a
commercial-grade (Atect Corp., Shiga, Japan) that is a mixture
of polyolefin waxes and > 60 wt. % of polyoxymethylene
(POM). Although POM is included, this binder is commer-
cialized as a thermal-only debinding and previous studies with
this binder shown that no carbonaceous residues remained on
the final parts. The thermoplastic elastomer (TPE), as well as
an ultra-low density polyethylene (ULD-PE), was used for the
backbone, and a surfactant (stearic acid (S 1)) and an external
plasticizer (P X) were used as additives. Density of master
binder and additives (Table 2) was performed to support the
theoretical calculations of the volume of these constituents in
the feedstock, which is further compared with the practical
results (TGA analysis).

2.3 Filament production
The vol.% of each organic component in the feedstock was

tailored to achieve the proper filament properties for MEX
(rheology and flexibility/stiffness balance). The CPVC and

Feedstock Master binder Additives

Powder

Backbone Backbone content (vol.%)" STorP* S'or P* (vol.%)

SS 316 L content (vol.%) Particle size dso (1m)

FO1 M1 - - -

F02 Ml TPE Y -

F03 Ml TPE X st
F04 Ml TPE X+5 st
F05 M1 TPE X+10 st
F06 M1 TPE X pX
FO7 M1 TPE w pX
FO8 M1 ULD-PE X pX

- 60 6.85
- 60 6.85
5 60 6.85
5 60 6.85
5 60 6.85
5 60 6.85
10 60 6.85
5 60 6.85

*The exact ratio of master binder/backbone in the feedstock will be kept confidential. Y, X, and W represent the different amounts of backbone (vol.%).

X=Y-2.5vol.%; (% of S/P content: 5 vol.%).

W=7Y-5 vol.%; (Y2 of FO7 plasticiser (P) content: 10 vol.%).
st , Surfactant

P*, Plasticiser
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Fig. 4 TGA curves of the SS
316L, M1, TPE, and M1 + TPE
under an N, atmosphere

feedstock optimization was performed with a torque rheome-
ter (Plastograph® Brabender W 50, Brabender GmbH & Co.
KG, Duisburg, Germany) that evaluates the torque variation
as a function of the powder composition. The temperature
inside the 38.5 cm® mixing chamber of 180 °C was selected
together with 30 rpm blades rotation speed, taking into ac-
count previous work with the same master binder [31]. For
the CPVC evaluation, an increment of 1 vol.% powder content
was made approximately every 10 min or after reaching a
steady state. The backbone percentage was not higher than
30% of the total organic portion. Table 3 summarizes the
different feedstock compositions (FO1-F08, FO3A, and
F03B). Each formulation mixing torque value was evaluated
from six independent measurements and done until a steady-
state regime was achieved.

Small pellets of feedstocks were extruded into a filament
form. Filament fabrication was performed in a single screw
extruder (Brabender GmbH & Co., Duisburg, Germany) with
5 heating zones. The temperature of the zones, from feeder to
nozzle (o 1.75 mm), was set at 160, 165, 170, 175, and 180 °C.
The screw rotation speed was set at 5 rpm. The filament was

measured at multiple points to guarantee its dimensional ac-
curacy throughout the filament fabrication process.

Instead of using catalytic debinding, thermal debinding
was selected, which shows no carbonaceous residues present
during sintering, consistent with previous studies with low-
pressure injection moulding [31], thus voiding the nitric acid
used for catalytic debinding. The thermogravimetric analysis
highlights that all of the organic constituents of the feedstock
fully degrade, during the debinding stage (Fig. 4).

The thermal cycles in this work were selected based on
thermogravimetric analysis (TGA). The primary events in
the master binder and backbone weight loss curves up to
600 °C (Fig. 4 and Table 4) were the isothermal plateaus
during the debinding stage. The beginning and ending values
were evaluated from the first derivative (DTG) of the respec-
tive curve. At 495 °C, the carbonaceous residue was close to 0
wt.%.

Concerning the thermal oxidation of the as-received SS
316L powder, TGA showed that it was quite stable up to
600 °C in an N, atmosphere. An insignificant increase in the
weight of the powder was noticeable above 500 °C. This is not

Table 4 Weight loss and

degradation temperatures of the Binder component Degradation stage Weight loss [%] Onset [°C] End [°C]
M1, TPE, and M1 + TPE
MI Ist 41 232 314
2nd 13 378 437
3rd 46 437 472
TPE Ist 2 300 327
2nd 98 408 454
M1 + TPE Ist 35 238 320
2nd 11 375 398
3rd 23 427 441
4th 31 450 475
Plasticizer Ist 100 242 276
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Fig. 5 TGA curves of the
filaments F0O3, F06, and FO8 with
60 vol.% of SS 316L powder
under an N, atmosphere

exclusively attributed to the TGA protective atmosphere type
(N») because other studies show the same behaviour under an
Ar + Hy(5%) atmosphere [30, 32].

A significant difference was not detected in the debinding
kinetics of the M1 and TPE as raw materials (Fig. 4) and as
feedstocks constituents (Fig. 5) when mixed with 60 vol.% of
metallic powder. This is an indication that there are no unde-
sired reactions among the feedstock constituents that could
interfere in the debinding cycle.

Table 5 shows a comparison of the theoretical values
against the final experimental values (wt.%) of the feedstock
filaments at 600 °C in order to illustrate the expected SS 316L
weight (%) after binder degradation based on the SS 316L
vol.% in the feedstock. The small deviation between theoret-
ical and experimental values can be attributed to the experi-
mental evaluation of the densities and can be assumed that the
binder degradation was total.

2.4 Printability

Green specimens were built on a BQ Prusa I3 Hephestos 3D
printer. Extruder nozzle temperature was maintained at

Table5 TGA experimental vs theoretical weight reduction of filaments
F03, F06, and FO8

Feedstock Metallic powder [wt.%]
Experimental Theoretical*
F03 92.5+0.1 92.4
F06 92.5+0.1 92.4
FO8 92.4+0.1 92.4

*Conversion from SS 316L 60 vol.%

@ Springer

210°C, extrusion speed was limited to 10 mm/s, and extrusion
multiplier was set at 1.4. Layer height was set at 0.20 mm, and
the selected nozzle diameter was 0.40 mm. A glass platform
with a layer of glue was used, to promote part adhesion, since
this 3D printer has no heated build plate feature.

2.5 Debinding and sintering

The heating rates for debinding and sintering were 1 °C/min
and 10 °C/min up to the maximum temperatures of 600 °C
and 1250 °C, respectively, including several debinding iso-
thermal holding times, based on the TGA results. The fila-
ments and parts were debinded and sintered under H, atmo-
sphere at 4x1072 MPa.

3 Results and discussion
3.1 Feedstock optimization
3.1.1 Evaluation of the critical powder volume concentration

The evaluation of the CPVC in each feedstock was performed
by recording the mixing torque to maximize the metal powder
content (vol.%), to promote higher green densities.
Nevertheless, MEX feedstocks require overcoming new chal-
lenges (rheology and flexibility/stiffness balance) because the
filament must be spooled, handled, and extruded through a
small-diameter nozzle. Therefore, PIM feedstocks must be
modified to be suitable for MEX, and the rheological behav-
iour of the new feedstock must be studied.

Torque values were recorded for the initial mixture of
the master binder and additives FO6 (M1 + TPE + P)
with 50 vol.% SS 316L powder. The effect of
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Fig. 6 Torque as a function of
time of the FO6 feedstock at 180
°C with the incremental addition
of 1 vol.% of SS 316L

subsequent additions of metallic powder (1 vol.%) on
the torque value, shown at every peak from the 10-
min mark, was measured after attaining a steady-state
regime for each percentage (Fig. 6). Based on this eval-
uation, the defined ratio of inorganic/organic vol.%
among all studied feedstocks was maintained.

Figure 7 shows the torque values for the incremental addi-
tions of 1 vol.% of SS 316L powder (50-65 vol.%). Three
linear regimes can be observed:

—  The first regime includes up to 58 vol.% of SS 316L
powder, and the torque variation between each addition
is between 1.9 (50 vol.%) and 3.5 N-m (58 vol.%).

— In the second regime, at up to 62 vol.% of SS 316L
powder, the mixture rheology changes, which corre-
sponds to a slightly higher slope than the first regime,
and the maximum torque is 5.4 N'm.

—  The third regime, where the most significant variation
occurs (62—65 vol.%), reaches the highest mixing torque
value (8.1 N'm). In this range, the mixing torque behav-
iour clearly becomes more unstable (cf. Fig. 7).

Fig. 7 Three different regimes of
torque as a function of powder
volume concentration (feedstock
F06)

The CPVC should correspond to the interface torque value
between the second and third regimes (point of intersection),
which in the present study was 62 vol.%. However, a great
number of studies performed concerning the optimization of
powder and binder feedstocks show that the torque value
should not exceed 5 N.m for this specific torque rheometer
(Plastograph® W 50), to attain the best rheological properties,
in order to guarantee optimal processability [28, 33, 34].

Based on the CPVC evaluations (Figs. 6 and 7) and keep-
ing in mind that the feedstock flowability to build the green
part, through a 3D printer with a 0.4-mm nozzle, is promoted
by the filament (it acts like a piston through the 3D printer pull
system) and not by a screw (high pressures), 60 vol.% (torque
value of 4.3 N.m) was selected as the metallic load for all
studied feedstocks.

3.1.2 Effect of additives in the feedstock

In PIM, the binder generally promotes the best compromise
between green integrity and flowability.
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Fig. 8 Mixing torques (FO1-F05)
as a function of time (Y < X
vol.%.); Stage 1, only binder ad-
dition; Stage 2, feedstock with
additive addition. FOI is the stan-
dard feedstock without additives

However, as previously mentioned, flexibility is one of the
major characteristics of MEX filaments. For this reason, the
backbone, surfactant, and plasticizer content were optimized.
To select the best feedstock composition, two different

approaches were considered: the addition of TPE + surfactant
(S) and the addition of TPE + plasticizer (P).

Figure 8 shows the impact of the additive composition on
the final torque value at the end of 30 min. FO1 is a feedstock

Fig. 9 FO1 and FO6-F08 mixing -S§S316L + M1
torques as a function of time (W <
X vol.%); Stage 1, only binder & F06-SS316L + M1 + TPE(X VOl.%) o+ P(S VO'.%)

addition; Stage 2, feedstock with
additive addition. FO1 is the stan-

V¥ F07-SS316L + M1 + TPE(W vol.%) + P(10 vol.%)

dard feedstock without additives + F02-SS316L + M1 + ULD-PE(X vol.%) + P(5 vol.%)

8
7
6 Stage 2
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L
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Fig. 10 Torque of the FO3A and
FO03 mixtures as a function of
time; Stage 1, only binder
addition; Stage 2, feedstock with
additive addition

used in PIM, where there are no concerns about flexibility. In
addition to promoting filament flexibility, TPE has a negative
impact on the rheological behaviour of the feedstock. To over-
come this issue, a surfactant (S) was added. Among the feed-
stocks in Fig. 8, FO3 (blue curve) showed the most promising
behaviour (close to 4 N.m).

Although the selected surfactant, stearic acid (SA), clearly
reduced the feedstock torque, other mixtures were studied to
possibly replace it owing to the difficulty of fully removing it
during debinding. Other work reported that SA requires rais-
ing the debinding temperature from 600 to 700 °C [30]. Thus,
SA was replaced with a plasticizer (P), which also acts as a
rheological modifier with the advantage that it promotes fila-
ment flexibility.

Figure 9 shows the different torque values for the remain-
ing studied feedstocks (FO6-F08). FO6 had a final torque (4.6
N'm) that was higher than that of FO7 (3.6 N'm) due to its high
TPE content. Comparing the feedstocks with the same vol.%
of all constituents (F03, F06, and F08), the addition of the
surfactant (FO3) had a larger influence on the final torque
value than a plasticizer (FO6 and F08), as expected.
However, the plasticizer boosts filament flexibility, which is
a very important requirement.

Table 6 Torque values of different feedstocks

The feedstock FO8, which had the composition as FO6 ex-
cept the TPE was replaced by ULD-PE, had a lower torque
value, but it was still higher than the feedstock with SA (F03).
Based on torque values of the feedstocks, FO6-F08 seem to be
suitable for use in MEX.

3.1.3 Influence of metal powder particle size

To evaluate the influence of the SS 316L powder par-
ticle size on the rheological behaviour of the feedstock,
two mixtures with the same vol.% of SS 316 and addi-
tives but different particle sizes were compared: FO3A
and FO03 with dso = 3.76 um and dso = 6.85 um, re-
spectively (Fig. 10). The finer particle size led to a
higher final mixing torque compared with that of FO3.
For this reason, powder with dso = 3.76 um was not
selected for the studied feedstocks. This is an expected
behaviour as small particles have a high specific surface
area of contact, which promotes high interparticle fric-
tion [35].

Table 6 summarizes the average of ten torque values for
each of the different feedstocks.

FO1 F02 F03 F04 FO5 FO6 FO7 FO8 FO3A
Torque [N.m] 2.0+0.04 5.5+0.07 3.740.03 43+0.04 5.340.06 4.5+0.07 3.640.05 4.2+0.07 4.6+0.07
Backbone content - Y X X+5 X+10 X w X X
S™or P* (vol.%) - - 5 5 5 5 10 5 5
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Fig. 11 Spooled filament from
feedstock FO6

3.2 Filaments
3.2.1 Green filament production

In this study, the filament was not spooled by an automatic
system. To avoid filament diameter deviations due to gravity

Fig. 12 Cross-section fracture
surfaces of filaments FO1, FO3,
F06, and FO8

@ Springer

action, a constant height between the extruder nozzle and the
table was preserved for all formulations.

Standard filament (powder and binder, FO1) was too brittle
to spool. TPE addition resulted in the highest final torque
value (5.5 N.m) in mixture FO2 curve. Also, the torque profile
is the most unstable, because the dispersion of powder
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Fig. 13 Micro-CT of the a green filament FO6 and b sintered filament FO6 — green filament with the highest homogeneity

particles is more problematic in this binder. Thus, F02 was not
extruded in a filament form. The other feedstocks (powder,
binder, and additives) could be spooled (F03, F04, FO5, and
FO08) but with a higher curvature than those of FO6 and F07
(Fig. 11). It must be emphasized that the best filaments were
those resulting from feedstocks with plasticizer and torque
close to 5.0 N'm.

3.2.2 Characterization

3.2.2.1 Homogeneity SEM observations of the filament cross-
section shown that filament feedstocks without TPE (FO1 and
F08) appeared to be more homogeneous than the others (FO3
and F06, Fig. 12), but their flexibility was poor. FO3 and F06
(=M1 + TPE + S/P vol.%) were quite similar regarding the
homogeneity of the distribution of metallic powder. A large
powder particle distance in the feedstocks improves flexibility
but decreases density. Thus, considering these two features
(filament flexibly and interparticle distance), a homogenous
powder distribution is crucial, and a suitable balance between
these features is required for the success of MEX.
Micro-CT analysis can be an effective solution for
assessing filament homogeneity without fracture, which can
modify the defect distribution on the observed volumes.
Micro-CT was performed in a representative cross-section of
filament FO6 in the green and sintered states (Fig. 13 a and b,
respectively). It can be noted that the green filament (extruded
feedstock in filament form, not subject to any subsequent pro-
cessing step) presents a high density and consistent diameter
throughout its section, reiterating the mechanical behaviour

results (cf. 3.2.2.3). The observed residual pores seem to fol-
low the extrusion direction (Fig. 13a, X-Z and Z-Y section),
suggesting that the defects may occur in the extrusion process,
resulting in elongated pore geometry. Nevertheless, the
sintered filament shows that a sintered part with consistent
density, with no persistent porosity caused by debinding, is
still achievable, indicating that resulting porosity in final parts
may be connected to printing parameters.

3.2.2.2 Structure The X-ray diffractograms (Fig. 14) show the
evolution from SS 316L powder to the green and sintered
filament. As referred, the austenitic powder, owing to its prep-
aration technique, besides austenite (ICDD 33-0397), presents
a ferrite/martensite phase (ICDD 87-0722—Fig. 3). This one
increases, as expected, due to the deformation of powders

Fig. 14 X-ray diffraction of the sintered filament F06
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Fig. 15 Deflection at break (%)
and Ej., of filaments FO1 and
F03-F08

during its extrusion (Fig. 14) [36]. However, after sintering,
the X-ray diffractogram shows only constituted by the austen-
itic phase, avoiding a post heat treatment, required in other
additive processes.

3.2.2.3 Mechanical behaviour The deflection at rupture (%)
and flexural modulus of elasticity (EFp.x) was measured by
three-point bending tests (Fig. 15). Each value in the figure
is the average of five tests. These results, together with the
previous torque rheometry study, allowed for selecting the

most promising filament feedstocks regarding green
processability.

The filament from feedstock FO1, without additives, was
the most brittle (13%). With the incremental addition of TPE
to feedstocks FO3—F05, the maximum deflection of the fila-
ments increased. Comparing filaments FO3 and F06 (equal
vol.% of organic constituents), the replacement of the surfac-
tant with a plasticizer improved the flexibility. A reduction in
deflection from FO6 (91%) to FO7 (71%) was noticeable. FO7

Fig. 16 Morphological analysis of the FO6 green part: a, b, and ¢ top views; d, e, and f side views
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Table 7 FVM part dimensions (before and after sintering) Table 8 FVM part infill evaluation (before and after sintering)

Height (mm) Diameter (mm) Measurement Distance (mm)

Green Final part Green Final part 1 2 3 4 5 6
Measurement 1 7.2 6.2 19.7 16.5 Green Direction 1 1.6 1.6 1.6 1.6 1.6 1.6
Measurement 2 7.2 6.2 19.7 16.5 Direction 2 1.6 1.6 1.6 1.6 1.5 1.7
Mean 72 6.2 19.7 16.5 Final Direction 1 1.3 1.3 1.3 1.3 1.3 1.3
Shrinkage (%) 13 16 Direction 2 1.3 1.3 1.3 13 1.2 1.4

Shrinkage (%) 19 18 19 19 19 19

had the highest additive content and, consequently, less TPE
in the feedstock. FO8 had ULD-PE instead of TPE. The reduc-
tion in the FO8 filament flexibility (44%) is more obvious
compared to that of FO6, which had the same additive, a plas-
ticizer. In fact, filament from feedstock FO8 was not used to
produce the green parts because it was brittle, despite its prom-
ising mixing torque (4.2 N-m).

The Epey results of FO7 and FO8 were not expected, taking
into account the relationship between the maximum deflection
at break and the Ejey of the remaining filaments. This can be
attributed to several factors, including porosity and the non-
homogeneous feedstock mixture. Similar behaviour was also
reported by another study [19].

3.3 Proof of concept

The printability of the spoolable filaments (FO03-F08) was
studied. Filaments with the same surfactant (SA) but dif-
ferent TPE content (FO3 and F04) were successfully
printed. FO5 was not printable owing to its high torque
value, which was promoted by the high amount of TPE
(vol.%). FO8 was too brittle to be printable, although
within optimal mixture torque range. FO6 and FO7 shown
the best printing behaviour.

Fig. 17 FVM part B infill
evaluation: a green and b sintered
part

The filament with the best mechanical characteristics (F06)
was used to produce a part consisting of an infill pattern ex-
trusion lines (0.4 mm) in a grid form and a two-perimeter
exterior. Figure 16 shows different details of the green part
(top and side views) built from the selected filament.
Figure 16b shows that a single extrusion line is geometrically
reliable (not considering the flat zones due to superposition of
lines), indicating that a filament with consistent diameter and
no relevant ovality was achieved, since this would otherwise
affect the extrusion behaviour. Figure 16d shows that the post-
deposited layer thickness was almost the same as the 3D de-
sign (0.2 mm).

For the highest magnifications (Fig. 16e and f), it is obvi-
ous that a critical zone exists: interface layers. These bonding
zones could have a significant role in the occurrence of defects
in the final parts. For this reason, further detailed studies must
be performed to understand their influence on the properties of
the final metallic part.

The green shrinkage and warpage were evaluated by FVM.
The measurements of the external diameter and height were
performed in two opposite locations. From the results
(Table 7), a slight variation in the green dimensions was no-
ticeable when compared with the 3D model (¢ 20 mm and a
height of 7.0 mm).
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Fig. 18 Microhardness of the
proof of concept (PoC) part in
comparison with other data [30,
37, 38]

There was a slight variation in the shrinkage between
the XY plane and the Z-axis. This deviation was also
reported in other studies and can be associated with the
build strategy (orientation of the layers) [4, 17]. The
diameter shrinkage was, on average, 2.5% higher than
in the build direction. Because the amount of shrinkage
is affected by processing parameters and feedstock char-
acteristics, a detailed comparison must be avoided with-
out further investigation.

The geometry of the green infill (40%) and shrinkage was
also evaluated by FVM (Fig. 17). Green part infill was printed
with high accuracy because the interlayer distance (measure-
ment 1 to 6) was constant in both measured directions (0° and
90°) (Fig. 17a and Table 8). After sintering, accuracy was not
affected (Fig. 18b and Table 8).

In comparison with the previous FVM measurements,
the part infill (width = nozzle o, 0.4 mm) shrinkage was
higher (~19%, Table 8) than in the other directions (13—
17%, Table 7). The 40% infill configuration can largely
affect the shrinkage of the part relative to the XY direc-
tions. This is similar to what occurs in PIM parts for
different thicknesses.

The microhardness value of the part developed as a proof
of concept (PoC, Fig. 18) was 1.1 GPa, which is higher than
those of other studies for the same material on MEX [37].
Nevertheless, the microhardness values are lower than those
measured in a PIM made from SS 316L and a bulk steel part
[30, 38].

4 Conclusions

High-quality filaments for metallic MEX can be attained by
optimization of different manufacturing steps: feedstocks

@ Springer

production (metallic powder, binder, and additives), evalua-
tion of extrudability (torque <4.0—4.5 N-m, supported by other
rheological studies), debinding, and sintering. In the filament
feedstocks, the main challenges are to reach the highest me-
tallic powder content with good extrudability and a suitable
ratio between stiffness and flexibility. Some filaments, with-
out surfactant/plasticizer or with different additive contents,
are unsuitable due to the difficulty to be extruded, owing to
their high mixing torque.

From the extruded feedstocks, the selected case study
shows that, for the filament constituted by SS 316L + M1 +
TPE + P, the best green mechanical characteristics are attained
due to the excellent homogenization of the mixing, demon-
strated by micro-CT. Moreover, the best filament, after
debinding and sintering, continues to show excellent perfor-
mance, concerning defects (porosity) and consequently, the
best flexural modulus, and deflection at break, assuring an
excellent MEX processability. In the case of austenitic steel
powders, the austenite phase is the only phase present,
avoiding other costly post heat treatments. In conclusion, this
study promotes a supported methodology for producing fila-
ments for MEX and promotes the possibility to make 3D
parts/systems or devices whatever the metallic powders select-
ed, without commercial market offer dependence.
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Abstract: Material extrusion (MEX) of metallic powder-based filaments has shown great potential
as an additive manufacturing (AM) technology. MEX provides an easy solution as an alternative to
direct additive manufacturing technologies (e.g., Selective Laser Melting, Electron Beam Melting,
Direct Energy Deposition) for problematic metallic powders such as copper, essential due to its
reflectivity and thermal conductivity. MEX, an indirect AM technology, consists of five steps—
optimisation of mixing of metal powder, binder, and additives (feedstock); filament production;
shaping from strands; debinding; sintering. The great challenge in MEX is, undoubtedly, filament
manufacturing for optimal green density, and consequently the best sintered properties. The filament,
to be extrudable, must accomplish at optimal powder volume concentration (CPVC) with good
theological performance, flexibility, and stiffness. In this study, a feedstock composition (similar
binder, additives, and CPVC; 61 vol. %) of copper powder with three different particle powder
characteristics was selected in order to highlight their role in the final product. The quality of the
filaments, strands, and 3D objects was analysed by micro-CT, highlighting the influence of the
different powder characteristics on the homogeneity and defects of the greens; sintered quality was
also analysed regarding microstructure and hardness. The filament based on particles powder with
D close to 11 jum, and straight distribution of particles size showed the best homogeneity and the
lowest defects.

Keywords: additive manufacturing; copper; feedstock; MEX; filament; micro-CT

1. Introduction

Additive manufacturing (AM) has gained a great amount of interest in the past
two decennia for various fields of applications [1]. After the boom of direct processes (i.c.,
selective laser melting (SLM), electron beam manufacturing (EBM), direct energy deposition
(DED)), two indirect technologies assume more and more the future (binder Jetting (BJ) and
material extrusion (MEX)), due to their simplicity, reliability, low cost (i.e., equipment) and
a wide range of different printing materials available. The latter is well known, particularly
for polymeric materials, under the name of fused deposition modeling (FDM). When
applied to the mixing of metallic/ceramic powder particles and organic binder and/or
additives based on polymers, it has adopted the standardised name of MEX [2-6]. This
process for 3D object shaping is based on FDM, but filament manufacturing is similar
to powder metal extrusion process (PEP) and powder injection moulding (PIM). Both
these processes use, as feedstock, polymers and organic materials with the highest feasible
metal powder content, designated by critical powder volume concentration (CPVC) [7]. A
feedstock must consist of a powder with optimal characteristics and an appropriate binder,
which are determinant factors to achieve quality in the final 3D object [8,9]. Similarly to
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additives), extrusion (filament manufacturing), strands for shaping (3D objects), debinding
(binder removal), and sintering (powder particle consolidation).

2. Characterisation Techniques and Material
2.1. Experimental Conditions

The powder particle size and the particle size distribution were measured by laser
diffraction spectrometry (LDS) on a Malvern Instruments Mastersizer 3000 (Malvern In-
struments Ltd., Worcestershire, UK), following ISO 13320:2009. The analysis of particles
powder, filament, and strands morphology was made by scanning electron microscopy
(SEM) on a Tescan Vega 3 (Tescan, Brno, Czech Republic) and an FEI Quanta 400FEG (FEI
Europe BV, Eindhoven, The Netherlands). The phasic structure of the powder and greens
were evaluated by X-ray diffraction (XRD) on a Philips X'Pert diffractometer (Philips,
Eindhoven, The Netherlands); according to EN 13925:2003, the current intensity was
35 mA and voltage of 40 kV. The wavelength radiation was cobalt (Ka1 = 0.17810 nm and
Ko2 =0.17928 nm). The acquisition conditions used a Bragg—Brentano (6-20) geometry
(40° <20 < 80°) and a step of 0.04° /s per point. The thermogravimetric analyses (TGA)
were performed on a PerkinElmer STA 6000 (Waltham, MA, USA).

The filaments were analysed by a non-destructive method using X-ray microcomputed
tomography (micro-CT), Bruker SkyScan 1275 (Bruker, Kontich, Belgium). An acceleration
voltage of 80 kV and a beam current of 125 pA was set using a 1 mm copper filter and
step-and-shoot mode. Pixel size was set to the equipment minimum of 5.67 um, and the
random mode was used. In total, 1056 projection images were acquired at 0.2° angular step
with 3 frames average per step, using an exposure time of 65 ms. Regarding the strands,
they were scanned with an acceleration voltage of 50 kV and a beam current of 80 pA,
using as a filter aluminium with 1 mm thickness and an exposure time of 230 ms. The
3D objects and sintered filaments were scanned using an acceleration voltage of 100 kV
and a beam current of 100 uA, using a 1 mm copper filter. Then, 3D objects” projection
images (529) were acquired at 0.4° angular step with 8 frames average per step, using an
exposure time of 245 ms, and sintered filaments projection images (1056) were acquired at
0.2° angular step with 3 frames average per step and a 225 ms exposure time. All omitted
conditions on the strands and parts were similar to the ones used on the filament. The
micro-CT images were reconstructed with dedicated manufacturer software.

Hardness measurements were performed with a microhardness tester Shimadzu
HMV (Shimadzu Corporation, Kyoto, Japan). For each measurement, a load of 98 mN was
applied for 15 s by a Vickers indenter.

2.2. Copper Powder Characterisation

Three copper powders with essentially two different characteristics—particle size
and particle size distribution—were tested. A similar organic mixing based on polymeric
materials (master binder, backbone, and plasticiser) with identical thermal cycle heat
treatments for debinding and sintering were mixed (Table 1) [26]. In addition to the
selected binder (a mixture of polyolefin waxes and ethylenic polymers) [27], the additives
chosen are necessary to attain a feasible stiffness (backbone) and flexibility (plasticiser) in a
filament, which means a thermoplastic elastomer (TPE) and a plasticizer, respectively. The
green filaments developed based on this procedure were constituted by copper powder
(purity 99.99%), with different particle sizes and particle size distributions.

Table 1. Composition of binder and additives.

Additives
Master Binder
Backbone Plasticiser
Vol (%) 77.5 175 5.0
Density (kg/ m3) 970 1025 96.5
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Density (kg/m?) 970 1025 96.5

The three different copper powder particles highlighted the role of partic
particle size distribution of particles in the quality of filament, strands, and con

Materials 2021, 14, 7136 in the final product, and were furmshed by Ecka (Ecka (z}rgllgules Gmt
ermany—type A )rand-Alfa 3 - i —typeB,C
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Table 2 shows the different particle size distribution of the three different copper
powdéFadslec2dshdvesttle different particle size distribution of the three differe

B o V\"{gg fi i% 3&/ (églj tﬁegﬁ%g t%rﬁ xidation of powder particles B and C (density of

m3) [28]. Moreover, the colour of the different

copperl ¥y @ﬁ}tﬁléﬁl&ﬁa@w@% REGrXRbOR-9bpevdenpastisles B and C
Cu Reg961eK gf thé sdetesi typPian 10w 6310 Kapafir {28} Marebaenutheveolour of th

98?5?%%%@%% s odisten e presmis LD on e popder surts
of coppegate! sﬁﬁs@ fit o 50 epstﬁ ¢ eapperpaviderpithe shape Hagiae(Bmaximum: D
p@g@t@a}t(ﬂqgﬁgec&} the XRD diffractogram detected strong peaks of Cu and weak
peaks of copper oxide. The weak peak of copper oxide confirmed the slight involvement
of Cu with the atmospheric oxygen during conventional atomisation of powder, showing
that a small oxide phase was present in the powder surface.
Table 3 summarises the 4Ss (particle Size, particle Size distribution, Shape, and Struc-
ture (topography and phases) of the copper powder particles used in this work.
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XRD of the highest Dso powder showed pure copper (ICDD 04-0836), and the
presence of copper oxide phase (ICDD 075-1531) was not distinguishable (Figure 4).
However, in powder particles B and C, the XRD diffractogram detected strong peaks of
Cu and weak peaks of copper oxide. The weak peak of copper oxide confirmed the slight
involvement of Cu with the atmospheric oxygen during conventional atomisation of
powder, showing that a small oxide phase was present in the powder surface.
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3. Ex %é‘fﬁgﬁ%ﬁ%’&fﬁ imised in a torque rheometer (Plastograph® Brabender W 50,
%en der G Dulsburg, Germany) at a temperature of 180 °C, 30 rpm, and

3. % fg gcgﬁw&g(’l%éﬂgﬁ%gggdqug Strategy was to establish the best compromise between the
3. Wlainalna iohueh & Efcentration of copper powder in the feedstock and its extrudability,

whithe feadstéelha besbpendidans kaspdiadhcbaditanrinttodthpht Bisbuptdensy J0)is
BreapterGiabinants! KBYOdistulhcp it nolusnepatiodresdiasy wadslyrpiud igeiin
a sessaah shidiag rehatedbte PING berthegirasessingeefbisnents adruginprdasisctaedelagy
the amsi ambwbiheeolesfcbaskhane y1d Blsticissswaedeshtappapiastyer afitanyent
ex@ﬂ%hﬂﬁ%hugh@d leads to the best conditions to extrude the filament without

§ril]gt119xils Thls compromlse is named CPVC [27]. The optimum volume ratio has been
wide

]tu&1 eg In research studies related to PIM. In the rocessing of filaments
(extrusi%ﬁﬁ T ihe aliRtinBaf @Ey&%%beﬁkﬁh@fmm%m&%sﬂ pastalapelieigand

toStrHd %Hgélarﬂ%@ﬁl}n%%%%g}ﬂ} Kezgw extruder (Brabender GMBH & Co. E 19/25

without calibration system) and a nozzle of 1.75 mm. The temperatures in different zones
of the extrusion cylinder were 170, 175, and 180 °C (nozzle).
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tests were carried out with a velocity of 0.5 mm/min and a gauge length of :
three-point bending test, the loading span was 20 mm, and the cell load
mm/min. For both tests (tensile and bending), six specimens (green filamer
for each reference powder particle (A, B, and C).

7 of 18

3.2. Three-Dimensional (3D) Printing
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tested for each reference powder particle (A, B, and C).

3.3.2Priocessimgsionditioristimgter Shaping
3. @ 11am nt Was extruded in a Prusa i3 MK3S (Prusa Research, Prague, Czech Re-
%l;lbh &4 mm nozzle diameter. The nozzle temperature was 200 °C, and the

Platfﬂ%tfﬂa%waé%ma@r arid ‘A dTHREs St Bé"&%‘ﬁ{?g‘é‘gé’l‘?]fé‘iﬁo@éd during

print s ieed was 30 mm/s. The extrusmn multiplier was set to 1.15to, ottset the overla

stgpd Q gh&umb@&dag ithg. polymeric component is critical in fthe shapir
and sinterin ngSDSg  PEpCesS. The type of debinding selected was base

rocessing 1tions

grayimetrigianalysis (TGK) of the filaments. The TGA curve highlights the
duringhdhestheatingnprodesss whﬂiaa:oﬂnﬂedalgs&rmfvéwagihgthsdéhsﬁmptlve whi

te 5L é?ﬁlg(. PYOCWWPG §gé%ﬁng se ectej'tﬁ @fﬁﬁsg ont rmgas:\é/{}r%j%%tU1ated !

reprgsentcthemrightdessevobintion of t@ﬁ}feﬁﬁufigadrwgthetemperah
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which the organic constjtuents of feedstock are he TGAcurve r prese
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that the temperature of 500 °C was enough to eliminate all the binder and additives of the
feedstock (7.5 wt.% = 39 vol.%) (Figure 5).

100 -
98 A
g
£ 96 A
oo
]
2
94 A
Feedstock
92 T T T T T
0 100 200 300 400 500

Temperature (°C)

Figure 5. TGA of feedstocks (powder A).
Flgure 5. TGA of feedstocks (powd

Figure 6 shows the thermal cycle selectez:l for an efficient debinding of the parts
(brown). The conditions were similar to the TGA, with the atmosphere being Ar + Hj

(5 viigtireatl shavng theftiiermal cycle selected for an efficient debindin,
(brown). The conditions were similar to the TGA, with the atmosphere be
vol.% Hz) and a heating rate of 1 °C/min.
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Figure 7. Thermal cycle of sintering.
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d%aﬁesu etC AR SHON™
tocks for Copper Filaments

s a %l
4 ﬁm eyl s j;?gi‘efff?ment for material extrusion (MEX), several
%e "ﬁéﬁm (it

nsm ppn ef H@@m]e@ﬁtr@ﬁ&iﬁi(éé%h@h&dmlas
fead AN gAY aliRe h& RGP R aﬁ@ﬁé@m

feadsbpripy sﬁmmdmélﬂa&wﬁ%ﬁbﬁﬂaﬁ%a%aw

é’é%lo%a[t%%]tgﬁﬂ@A shows the final composition and density of each feedstock, with its
asyakiatedovqust-feedstocks, density, and maximum torque.

Binder +
Feedstock Cu (vol.%) Additive p (Kg/m3) Torque (N-m)
(vol.%)
A 61 39 5345 3.8
B 61 39 5330 5.1
C 61 39 5205 44
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C 61 39 5205 4.4

4.2. Green
4.2.1. Filaments

Materials 2021 ip@1@xtruded filaments, all produced under the same conditions, had variations dw 1s
diameter depending on the dimension and distribution of copper particles. Thus,
tilaments had the following diameters: for powder A =1.76 mm, B=1.70 mm, and C=1.68
mm. The variation if2Hedilaments was not significant, i.e., negligible.

The filaments 2tef#aRRMed in terms of homogeneity (distribution of Cu powder
particles into the polixyrr%ﬁeﬁ%‘%@ihsh Pmargeshpneniie e PR i GENP B%m
ht f filame dfa %L"l tg% endm on thB 1men510na dlstlylb(tiﬁ‘lon,ofe cg@ggﬂﬁart icles. T%u}jg ilaments
each type o ) N RATICISS gk Nk Al i RIS Fhe

A showed small pw@sadéﬁtﬂmtﬁdﬁMmlwﬂ"gﬁﬂgheué ;ﬁ@g‘ﬁgﬂuéne This Could be the
result of the large size di@tfﬂbmﬁmﬁvaﬁdapabﬁ@emiz@nwhmsev@él ydiffdeusiahef paovpdeser

behaviour during S, RO PG IR, JSRONIUAT B AR e
Filament B was almQshean 5iPgorCasResHes: &nmﬁr&l <fh QWult

interparticular distatée; la/r/gé]mzn@ﬁbaﬂnmbl@pdﬂf«ﬂe’ﬁze(wﬁiahmthel)miﬁr@-ﬁﬁpbmhbhmiour
Filament C showed!WrgeddHi's] ré’grf@{?elﬁolrﬁwghlab@sdwgmﬁp BHHcls iz Eflappen Biyas
filament A. SEM na1 {n(lg%t a{} id a case émcete re wasaumfé)rﬁL ﬁtrl utlﬁ dlo 1{}1erpgrhcalar dlst?}ce,

ﬁ’l g da f}germb ects wqu%lge micro- é résolu 10n F1 amen?C s%lowed random

additives. This low w&;a@émsaghseééqﬁ% iakfestithe.sintasing ane <leRinding dypanicsdi-
Moreover, micro-CKatal apperceridghringhbfsthietlid hinven to deviditted: [Gvs-ltor metovilityaoneiveely

different filaments fhachtresiBigNeddekEding dynamics. Moreover, micro-CT volume rendering of the

tilaments revealed low-to-no ovality on the different filaments and a constant diameter.

(a) (b)

(c) (d)

Figure 8. Filament A (green): (a) micro-CT; (b) feedstock (SEM) (100x); (c) feedstock (SEM) (500x); (d) feedstock (SEM)
(1000).
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Figure I1. Young s modulus, maximum tensile strength, and strain of different filaments (tensile tests).
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2.2.Strands

4.2.2. Strands The strands, subsequent to printer extrusion to build the 3D object, were analysed.
The aim was to highlight the influence of the small nozzle (diameter =400 pm) on powder

The strands, gubsaqiaaniPHOERS exbrgsiRedtakmild thendBrebjectbpereranalysedr
The aim was to highlighit firelinfthelncelofrthef smélbmeriziad dinfinetet usid@GiMarchegosy dee,
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' randomly distributegddhiougheistettietntolioni (Figuaed] i) stdehBefonthh digh stirandstwmbetiey
Materials 2021, 14, x FOR PEER REVIEW, s minated by the powder name of their constituents. Micro-CT (high-density' patticles
with a diameter larger than the lowest resolution, 5.67 pum, are in white) and the SEM
images show particle distribution in the strand. In strand B, even though a low wettability
affthedbivdder-addititieescold bbdobimnrdddhd yaryrgambdidistriticiont cheheopodeder
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Figtre 13: Strand A: (@) micro-ET and (B) cross ssction (SEM):
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4.2.3. The 3D Objects after Shaping

Hereafter, the different 3Dobjects resulting from strands A, B, and C were designated
by A, B, and C, respectively.

Micro-CT of the green 3D objects (Figures 16-18) was produced to observe the influ-
ence of powder size and powder distribution on the quality of a final 3D object produced
with the same parameters. Since copper is a dense material, which affects the X-ray be-
haviour on micro-CT, as previously mentioned, only high-dimension pores were detected.
Furthermore, 3D object A had a large number of defects that started halfway through
building the object and a large open pore resulting from the use of the spiral printing
strategy. This may be the result of the nozzle lacking heated bed pressure, which makes the
strands flattened against the surface since the distance between the nozzle and substrate is
not the same as each strand height. Similar to the filament, 3D object B seems to have no
apparent defects and presents a better geometrical accuracy than A. object C also shows
high density, but the micro-CT suggests that small defects may be present in its centre.
This can be due to the extrusion multiplier parameter, as it may be creating enough strand
flattening to mitigate the lack of the density apparent in each filament strand.
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4.4. Microstructures and Hardness

Figure 22 shows different representative metallographic images of sintered copper

2021, 14, x FOR PEER REVIM/EX filaments. All the sintered filaments presented a typical microstructure of E9E}P%

However, it is clear that A and C presented a significant porosity, A with higher porosity

than C.
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Figure 22. Macrography (top, 20x) and microstructure (OM) (bottom, 200x) of sintered filaments
after etching: from powder A (a), B (b), and € (¢).

In spite of C having the smallest particle size and particle size distribution, and
consequentfly, the highest surface area, they had a difficult sintering process, evident in
micro-CT. This behaviour is due to powder oxidatiom.
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5. Conclusions

5. CoPﬁ%‘l‘ﬂgf’HHed composite materials were prepared with 61 vol.% of copper with three
diffetdigtpwriitbel sioengpruodipartiaterside disteiprefansdltwithsédomohtded thptperevilidntbrds
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parEeRUANEEaHH HbERRD Muttheveisdnsshy theselestionppbapethae£mHronaanin
aspapheR BauAsisEhu borexamyeeFiad slust be overcome by the selection of another

environmental atmosphere than Ar + Hz, for example, H2 [32].
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Abstract: Shape Memory Alloys (SMAs) can play an essential role in developing novel active sensors
for self-healing, including aeronautical systems. However, the NiTi SMAs available in the market are
almost limited to wires, small sheets, and coatings. This restriction is mainly due to the difficulty in
processing NiTi through conventional processes. Thus, the objective of this study is to evaluate the
potential of one of the most promising routes for NiTi additive manufacturing—material extrusion
(MEX). Optimizing the different steps during processing is mandatory to avoid brittle secondary
phases formation, such as NizTi. The prime NiTi powder is prealloyed, but it also contains NiTi,
and Ni as secondary phases. The present study highlights the role of Ni and NiTi,, with the later
having a melting temperature (Tm = 984 °C) lower than the NiTi sintering temperature, thus allowing
a welcome liquid phase sintering (LPS). Nevertheless, the reaction of the liquid phase with the Ni
phase could contribute to the formation of brittle intermetallic compounds, particularly around NiTi
and NiTi, phases, affecting the final structural properties of the 3D object. The addition of TiH, to
the virgin prealloyed NiTi powder was also studied and revealed the non-formation of Ni3Ti for a
specific composition. The balancing addition of extra Ni revealed priority in the Ni3Ti appearance,
emphasizing the role of Ni. Feedstocks extruded (filaments) and green strands (layers), before
and after debinding & sintering, were used as homothetic of 3D objects for evaluation of defects
(microtomography), microstructures, and mechanical properties. The composition of prealloyed
powder with 5 wt.% TiH, addition after sintering showed a homogeneous matrix with the NiTiy
second phase uniformly dispersed.

Keywords: Nickel-Titanium (NiTi); Shape Memory Alloys (SMAs); Metal Extrusion (MEX); additive
manufacturing (AM); Titanium Hydride (TiHp)

1. Introduction

NiTi is classified as a shape memory alloy (SMA), and is defined as an intermetallic
material, with the ability to restore its previously defined shape when exposed to a specific
thermal cycle, either through shape memory effect or superelasticity, induced by solid state
diffusionless, reversible phase transformation between austenite, the high temperature
phase, and martensite, the low temperature one [1,2]. Two main properties of NiTi, such as
superior corrosion resistance and super long fatigue life, make this material suitable for
smart engineering structures and medical applications. Nevertheless, NiTi is extremely
difficult to process by conventional processes [3]. Casting problems, such as segregation
of alloying elements and the rapid work hardening and superelasticity of NiTi, make
conventional machining a challenge and leads to poor quality workpieces. Although new
processing approaches, particularly for NiTi machining, have been proposed [4], powder
metallurgy (PM) has been demonstrating its efficiency, particularly in what concerns
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additive manufacturing (AM). Direct processes, such as selective laser melting (SLM),
creates a material with homogeneous microstructure and stable properties [5]. Current
research on the AM of NiTi parts from prealloyed powders has been associated with
difficulties concerning chemical homogeneity and chemical composition control caused
by Ni evaporation during the melting process [6]. Moreover, the limits of SLM are mainly
related to the ability to achieve complex microshapes and internal microfeatures, as well
as high dimensional accuracy. These limitations open new paths to the indirect additive
process (shaping = extrusion of a filament, debinding, and sintering) and denominated
material extrusion (MEX) [7]. Research studies on NiTi and other metallic powder show the
viability and importance of this AM technology to process 3D objects [8,9]. Nevertheless,
MEX has some geometrical limitations of PIM (Powder Injection Moulding).

The main target of this study is to attain a suitable NiTi-based material with high
densification and appropriate microstructure after MEX, compatible with a crack’s sensor
and predictive of component/system failure. Prealloyed NiTi powder is pointed out as the
best solution for additive processes. A uniform austenitic structure, a suitable composition,
and transformation temperatures for stress-induced martensitic transformation must be
its characteristics. Nevertheless, secondary phases originated during prealloyed powder
production (atomization) oblige us to search for mechanisms that could contribute to de-
creasing the Ni in excess by producing NiTi from NiTi; mainly by avoiding the formation
of NizTi during processing [8]. Adding TiH, in different percentages can contribute to
this target, particularly by favoring the disappearance of NizTi. In addition, using TiH,
instead of Ti can protect powder from oxidation during post- shaping heat treatments
(debinding and sintering) and create “brown” inside, a reducing atmosphere (TiH, de-
composition temperature is lower than the temperature of post-heat treatments defined
for NiTi [10]). The main strategy to reduce oxidation of Ti is to use TiH,. Moreover, TiH,
dehydrogenation releases Ti that could react with Ni and promote the formation of NiTi [11].
Dehydrogenation occurs up to 600 °C [12] to 650 °C [11,13], or 700 °C [10,14]. Although
there is no defined temperature for dehydrogenation, all the temperatures mentioned are
lower than the sintering temperature (1165 °C). Thus, total dehydrogenation is expected
before sintering. Another advantage of using TiH, is that dehydrogenation will expose
activated Ti enhancing the sintering process, meaning higher density; the oxygen and
nitrogen pickup is expected to be lower [15,16]. However, some authors state that when
using TiH,, pore size reduces, but with more occurrence and is consistently distributed.
Different authors studied the effect of TiH, addition with Ni elemental powders to obtain
NiTi (Table 1). Li et al., in 1998 and 2000, observed in conventional powder processing
that when using TiH,, the general porosity and open-pore ratio tend to decrease, pore size
also decreases, and the number of pores increases and becomes more uniform, meaning a
reduction in shrinkage [17,18]. When increasing TiH, vol.%, together with temperature,
sintering is enhanced, contributing to the formation of Kirkendall pores and the shrinkage
of the large ones, which is also associated with the enhancement of the shape memory effect
(SME). The phases present were NiTi, NiTi,, and Ni3Ti [17,18]. Bertheville et al. showed
the presence of NiTi (B2), NisTiz, NisTi, NiyTigOx, and TiCp 7Ny 3 in the unpolished surface
characterization [19]. The two last ones result from contamination of the virgin powder
particles during processing [19]. After post-processing, the most prominent phases were
NiTi (B2), NigTi3, and Nip TigOx [19]. Chen et al. used elemental compositions of 51 at.%
of Ni with TiH; and observed a reduction in pore size and an increase in their number
associated with a uniform distribution [11]. One significant difference was that Ni-Ti 3D
objects swelled and Ni-TiH, shrinkage was observed. The most prominent phase was
NiTi (B2), and the occurrence of NiTiy and Ni3Ti was reduced compared with Ni-Ti virgin
powder [20]. Bohua et al. observed that after sintering with Ni-Ti powder, among the NiTi
main phase, NiTiy, NisTiz, TiO,, and TiC phases were detected [12]. However, when using
Ni-TiHy, the TiO, and TiC phases were absent due to the reducing environment formed by
the released hydrogen after dehydrogenation. When using Ni-TiH, powder, the 3D object
presented a much smaller mean pore size and a homogeneous pore distribution [12].
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Table 1. Sintering and post-processing conditions of elemental Ni-TiH, powder and final phases.
Temperature Holding Time Vacuum Pressure Processin; Porosity after .
F’C] [hg] [Pa] Technologi Sinterir}:g (%) Post-Processing Phases Ref.
NiTi
950 1 1.33 x 102 Pressing 33.9-37.6 - NiTiy /Ni TigOx [17,18]
NigTi
NiTi
Aged (Ar) 500 °C (1 h) Nip Ti4Ox
Not polished lelTl.3
Ni3Ti
920 14 - Pressing 29-34 TiC0.7 N0.3 [19]
HIP (Ar) 180 MPa 1050 °C (3 h) Nil\%T‘o
Aged (Ar) 500 °C (1 h) 21X
Not polished NisTi
TiCo7 No3
Aged (A1) 500 °C (1 h) NiTE
Polished Ni, T O
HIP (Ar) 180 MPa 1050 °C (3 h) I\?i {‘i x
Aged (Ar) 500 °C (1 h) 438
Polished
HIP (Ar) 180 MPa 1050 °C (3 h)
Annealed (Ar) 1100 °C (1 h)
Aged (Ar) 500 °C (1 h)
Polished
1000 NiTi
1100 2 3% 1073 Pressing 10-33.8 - NiTiy [
1200 NigTi
900 Ni
950 Ti
1000 s 19 - NiTi
1100 2 3x 10~ Pressing o NiTiy [20]
1200 (>900°C) NigTi
1100 NiTi
1200 1000 °C 6 h vacuum NiTi,
NiTi
1000 2 1x1073 Gel Casting 40-46 - NiTi, [12]

NiyTis
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thes@icpedtbmedreyd&ldogyeLmadhuﬁabgetmqf rtinkeﬁﬁd\&dprpeﬂﬁsksbg&rﬂ@ﬂlar to attain
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Adaamsﬁ@aﬂ@tmmi& (Rivszoside, Rk Hﬁe&) I?Qdﬁ&iﬁg dﬁsmbm@mlﬁk’éla)yws evaluated
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Mafre%omg'é’efg%ﬁ%@ngé lPﬁﬂﬁﬁ% axgp@fml%&%]rﬁat%ﬁ harn UK) at 40 kV with

aracteristics o 1 er, bingder, a al 111,

kﬁf@a?éﬁffrac%n%ﬁ} ?‘d lggla Q ;%wejir revea?e§1897 nm and

/\(kaZ) 79285 nm) and a’current 1nten51ty o mA was used to perform phase

analysis. The x-ray diffraction scans were carried out from 20 to 100° in steps of 0.025°,
with an acquisition time of 1 s per step.
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Characteristics of NiTi prealloyed powder, binder, and additives are deschibetd

elsewhere [8]. Phase analysis by X-ray ditfraction (XRD) of the prealloyed powder
revealed a phase other than NiTi and Nj; it also included NiTiz [8]. TiH2and Ni powder
psHgkesdibee aani T phagenprasens higereidd Rarticl psfizeipnakyrisih poadistipst sicles
blatheadifiegert piowe piapitiqiss b9 mptiplidtiaf auatide skewediber psoRobitias
defisibndpowg theaintelin gpiocess| i35 (ptde parhtoseoves ctheBd) piqavide vpdeticles
idunoh thehielsal tetinresintesn B3] i bdnsyliNasien vteptiia B tpguatanisertinieifdstivg
shtidddiffwshencasitag powdee pankdcladabon shequlthBA Xyt thandiiteman effective solid

diffusion among powder particles, D50 should be lower than 10 um.

@)

(b)
Figure 2. X-ray diffractograms of (a) TiHz andi (b) Nii powder.

Table 2. Wifii, Titls and NNagywdea paphelesisize Ranpsteisicasstistalativntond speckjreurtasadres
(R3AISSA).

g NI . L1H2 . NI

Duo 1nH.1rnJ 134 134 34 34 214 214
Dsofiadm] 21 221 153 153 30,0300
DgoPear{m] 347 347 357 357 41.241.2
SSAYSR kg'lg ] 2934 2934 7502 750.2 207207.7

The ecxlaaiianf the et il dep veleimy ebHas tramsatrpier [(CENX Cndddodbl-
gfhadalagponaser iljederadanldijgetimviprldinsc ki ANbwiersdsinelsp takoxstiofon  the
oqtinfilahion m it (Nilapewd Gompsasition dey Brid Radidisies InAsSEq linEesmend,
Plastograph Brabender GmbH and Co. (Duisburg, Germany) with a rotation blade speed
of 30 rpm at a temperature of 180 °C, was used to optimize the feedstock. The feedstock
was granulated and the filament shaped using a single screw extruder Brabender GMBH &
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Co. E 19/25 (Duisburg, Germany) without a calibration system and with a nozzle diameter
of 1.75 mm. The temperatures in different zones of the extrusion cylinder were 170, 175,
and 180 °C (nozzle). In order to confirm the quality of the filament for the additive process
(MEX) and function of the powder mixture, several mechanical tests were performed.
The equipment was a Stable MicroSystems (Godalming, UK). Specimens with 25 mm in
length, randomly removed from the filament spool, and were characterized by tensile and
three-point bending tests with a 5 kN loading cell; tensile tests were carried out with a
loading rate of 0.5 mm min~! and a gauge length of 10 mm; for the three-point bending
tests, the span size was 20 mm. For both tests (tensile and bending), twenty specimens of
filament (green) were tested at room temperature for each reference powder particle:

NiTi prealloyed powder;

NiTi prealloyed powder + 1 wt.% TiHy;

NiTi prealloyed powder + 5 wt.% TiH;

NiTi prealloyed powder + 5 wt.% TiH; and 6.2 wt.% Ni.

Solidworks software from Dassault Systéemes [27] was used to create the 3D models
and to export the STL file. The G-Code was created with CURA software from Ultimaker
B.V. [28]. A Hephestos2 from BQ (Madrid, Spain) with a nozzle diameter of 0.4 mm was
used to create the 3D objects.

The thermal consolidation of the “green” filament/3D object was performed in two
steps (debinding followed by sintering) in an H, atmosphere. The dwelling times and
temperatures were previously optimized [8]. Debinding was performed at a heating rate of
10 °C min~! up to 600 °C followed by sintering at a heating and cooling rate of 5 °C min~!
up to 1165 °C during 5 h in a MIM3002T furnace ELNIK Systems (Cedar Grove, NJ, USA).
Optical microscopy (OM) and scanning electron microscopy (SEM) FEI Quanta 400 FEG
ESEM/EDAX Genesis, Thermo Fisher Scientific (Waltham, MA, USA) were used to analyze
the 3D objects. Thermal analyses of sintered parts were performed by differential scanning
calorimetry (DSC), allowing for the transformation temperatures to be evaluated. The DSC
analysis were carried out in a DSC 204 F1 Phoenix equipment (NETZSCH-Geratebau GmbH,
Selb, Germany), with thermal cycles from —150 °C to + 150 °C and a heating/cooling rate of
10 K.min~!. Hardness was evaluated by microhardness testing with HMV equipment from
Shimadzu (Kyoto, Japan). Four specimens of each composition were measured 40 times
using a maximum load of 10 g. Surface and inside defects of filaments and strands were
evaluated by X-ray microcomputed tomography using a Bruker SkyScan 1275 (Bruker,
Kontich, Belgium). An acceleration voltage of 80 kV and a beam current of 125 pA was
set while using a 1 mm aluminum filter with step-and-shoot mode. Pixel size was set to
6 um and random mode was used. The images were acquired at 0.2° angular step with
five frames average per step using an exposure time of 46 ms. The microCT images were
reconstructed with the dedicated manufacturer software.

SO= >

3. Results and Discussion

A steady state must occur to ensure homogeneity in the mixtures, which is crucial
to prevent the formation of secondary phases where the ratio of Ni:Ti is unbalanced. The
values of torque for A, B, C, and D are quite similar. However, there is a tendency for a
slight increase of torque with the increase of TiH, and/or Ni (Table 3). Filaments for all
compositions were produced with a CPCV of 60 vol.% of powder particles content, which
was the best compromise with the torque value.

Table 3. Steady state torque.

A B C D

Steady state

torque [Nm] 42 4.0 4.6 4.8
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Figure 3 shows microstructures of the green filament cross sections where
multitude of sizes from their constituents is visible. All filaments qhnw similitudes, w

a good distribution of the multiple particle sizes, which is good to attain an excell
intar@aretbcdﬁo@&@ﬁﬁnesﬁu&hﬁési& weItdan paktanrkgepingdwRsindnthiat e powder partic
upitableoro fredirenptiideliti ve b@esélhiﬂ?JﬂMW@%@mﬂWﬁQhaﬂth@}gmd

iﬁtﬁﬁﬁﬁ?ﬁrﬁ%}}&“}%‘lﬁ%@tﬁ? j?S%tYVc‘Téé‘h {%@gﬁggfg&m QSR ESPR IS wever, in filam

oseness 1S, is Very im or nt pmg mn mind wder particles suita let

LU agdga pr)@c%g)sr% doRartighesprg observe
(a) (b)
(c) (d)

Hgpiee Bliverrpbiosohies sfahblarnent G Mt (SERIIO@)Ad (B)B, (c) C, and (d) D

In filaments A, B, and C, the partlcles have as e factor close to 1. However, in o
filameRegNHingthe, @@ﬁf&bﬁﬁiﬁ@&e}ﬂrﬁmﬁm@&éﬁ&é{mg modulus values are very similar
all B@gn{[ﬁagtiberxme(éﬁabil@hp)mﬂtéeﬁlﬁm@usgr@véalua wilreld arebehasiivitaon elastic doma

éopéé%aslﬁﬁ él'é’l%ﬁglaents reveal a similar behavior on elastic domain,
feYiatever tﬁ;i?ﬁ edst ecte

Thake ke Jougumg vho dithegabthidagreen(filarventsifpowdéditveihder + additives).

A R B c D
OSURY Bodulus fGPa] 26 0131 280045 25400814 2.5+0.28

2

Three-point bending tests were performed to highlight the filame
homogeneity/reproducibility by the Weibull index (m). This index, when greater than
is an indicator of reproducibility of the green filament. The Weibull modulus from the
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Table 5. Weibull modulus of green filaments from 3-point bending tests.
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(a) (b)
( EBigure 5. X-ray diffractograms of 3D object from fi&ﬁt}qent A. (a) top, (b) bottom.
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106 1able 7).
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g}c)%rtalg{aages ?ﬁ?%lﬁ aid NiTiz,

there is a tendency for a small increase of N1T12 percentage in filament B.

ageo

(a) (b)

a b
FmgaﬁeMigrv}gm@gcapm@memoobg@@mmﬁfﬁéﬁ&w Bv(atidifioh f aftev$ifteTiEL). (a) after sintes

FigutgSu M epigcepiareohskedbopoiion fidaieii Bith det B8 Sy BRRASIHR) p sy BiDgering
(SEM), (b) selected zones for evaluation of Ni:Ti ratio (S9, SlO and Sll) by SEM/EDS.
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TableZ. Phases from filament B af S IU and 11 in Figure 6b).
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Figure 7. X-ray diffractograms of 3D object from filament B. (a) top, (b) bottom.

The micrographies of 3D objects from composition C (NiTi + 5 wt.% TiHz) show a
significant difference from the other compositions. The white phase, identified as NisTj, is
not present in composition C. Similar to the other compositions, the Ni:Ti ratio also
suggests the formation of phases constituted by Ni and Ti, although enriched in Ni, such
as NisTiz and/or NisTis [29-32] (Figure 8, Table 8). Moreover, a slight increase of the NiTiz
content is also evident.

The DSC curves in Figure 9 show the influence of 5 wt.% TiH: addition (3D object
from filament C) to NiTi (3D object from filament A). The phase transformation
temperatures are above room temperature for both cases, which might indicate a Ti-rich
NiTi matrix [2]. The final austenite phase transformation temperature slightly increased
with the Tngagddltlon (A (A) = 68°C and As (C) = 69°C). More& , a 3D object from
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as NisTiz and/or N1 efigs 35? (ely ' 8, Table 8). Moreover, a slight increase of the NiTiz
content is also evident.

The DSC curves in Figure 9 show the influence of 5 wt.% TiH: addition (3D object
from filament C) to NiTi (3D object from filament A). The phase transformation
temperatures are above room temperature for both cases, which might indicate a Ti-rich
NiTi matrix [2]. The final austenite phase transformation temperature slightly increased
with the TiH: addition (Af (A) = 68°C and Af (C) = 69°C). Moreover, a 3D object from
filament C displays the presence of R-phase on cooling, probably due to the increase of
the Ti content.

X-ray diffractograms corroborate the SEM results in the apparent disappearance of
the NisTi phase. M~~~ Hhre meemman * the possibility that Ti, resulting from
dehydrogenation, may "have contributed to the formation of NiTi. T]('be) XRD results also
support the 0551ble reahctlon of free Ti resultm from dehydro enatlon with free Ni

S8 g i U gg% @a}f@ermg
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Table 8. Three-dimensional object phases from filament C after sintering (Spectra 14, 15, and 16 in
Figure 8b).

Phase Composition (EDS)

S14 S15 S16
NiTi NiTi NiTip

The DSC curves in Figure 9 show the influence of 5 wt.% TiH; addition (3D object from
filament C) to NiTi (3D object from filament A). The phase transformation temperatures are
above room temperature for both cases, which might indicate a Ti-rich NiTi matrix [2]. The
final austenite phase transformation temperature slightly increased with the TiH, addition
(Af (A) =68°C and A¢ (C) = 69°C). Moreover, a 3D object from filament C displays the
presence of R-phase on cooling, probably due to the increase of the Ti content.

2um
(a) (b)

Figure 8. Micrographies of 3D object from filament C (addition of 5 wt.% TiHz). (a) after sintering
(SEM), (b) selected zones for evaluation of Ni:Ti ratio (514, S15 and S16) by SEM/EDS.
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FigureU BB O 296 B3 es st dllabisictsam flaments & dditad ditiow 65 Mitidy, TiH2)-

X-ray diffractograms corroborate the SEM results in the apparent disappearance of the

Ni3Ti phase. Moreover, they suggest the possibility that Ti, resulting from dehydrogenation,

may have contributed to the formation of NiTi. The XRD results also support the possible

Figure 9. DSC curves ef2Ebabjdets franulilamentsiédhandgenbaidditianet Niptderdiillthe virgin powder,

since Ni is not identified in the x-ray diffractograms (Figure 10).

(a) (b)

Figure 10. X-ray diffractograms of 3D object from filament C. (a) top, (b) bottom.

Composition D has a supplementary content of Ni (6.2 wt.%) mixed with virgin
powder (NiTi + NiTi2+ Ni) and with 5 wt.% TiHz. This composition has two objectives:
first to highlight the role of the excess of Ni in the NisTi phase formed during processing,
and the second, to analyze the role of the excess of Ni in the disappearance of NiTi2
resulting from NiTi powder fabrication. In fact, with the addition of Ni, a drastic decrease
of the )ghiz is observed, as evidenced in the SEM images of 3D OPE t D (Figure 11) when
compared to B (Flgure 6) and C (Flgure 8) 3D objects. Thus, powder Ni content could be

Figure 10. X-ray diffedEimgqassib i einfbendibipeefantetitmNid, idnddothlnatoronly NiTi in
prealloyed gowders
omposition D has a supplementary content of Ni %n2 wt.%) mixed with virgin

Composition D faganstpPlementay ineqatest, of TN, (0w @sﬁ&ml Watbbjsargn
powder (NiTi + NiTistDNijghiightvhitteld owthdxdablof Nirsteospusitiofoinas! tiwingbjectives:

first to highlight the’fEI{f ??ﬁ%?‘? a?%%eﬁ@%ﬁ%gé% ltﬁﬁﬁ?ﬁﬁﬁ?ﬁﬁm
and the second, to gndx#e,thebs: d0£s theiexcess maf S iRathe [AISApRedr aRGEQll) Whli2

resulting from NiTi pmwded fabication. dml fa dtigwiith) BeohjiddsititnmsopMNider &ra@hterde@rkddse
of the NiTiz is obser(‘}rﬁelgdﬁé gﬁ?&sédlf{ﬁéﬂ}‘iﬂoﬂ@r iFPRREFENE SOOI &R LIOTETRPS ) W héh
compared to B (Flgure 6 an(]iog (Figure 8) 3D objects. Thus, powder Ni content could be
tuned as a possible solution for the disappearance of NiTi2 in order obtain only NiTi in

prealloyed powders.
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almost depleted of Ni, suggesting the presence of Ti without any reaction with other metal

present. However, there are no discernible Ti peaks in the x-ray diffractogram (Figure 12).
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Table 9. Three- dlmensmnal ob]ect phases from ﬁlament D after smtermg (Spectra 19 20, 21 and
22 in Figure 11b). Table 9. Three-dimensional object phases from filament D after sintering (Spectra 19, 20, 21, and 22 in
Figure 11b)
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Figure 12. X-ray diffractograms of 3D object from filament D (a) top, (b) bottom.

Considering that during sintering the 3D objects are on a platform that could
compromise the process and originate the formation of new phases, both the top and base
were analyzed by XRD. It is clear that the top and base of 3D objects show similar phase
composition, meaning that all binder and additives were effectively removed, and the
sintered phases are similar.

Tomography analysis is of enormous importance to detect failures inside the green
and s tered 3D objects. For some compositions, detailed analysis of filaments defects
before jd after debinding and sintering reveals a s1gn1f1ca t’r}lresence of porosity, inside

Figure 12. X-ray diffddialiatiasprRmsisaaar Fb b mserRtdR. {bpantdinbilaments A B and C,

onsidering that durjne s r1 D ob]ects are o latfor at co Cgcom-
COHSldenng thatm&lse t g ?(l)cégsesrgrll ﬂlll%mate tﬁ ]te rrrslat?gg 0 new Iillazgé lg%th lg ul

pro. ¢ top and base
compromise the Prqssﬁéaawgagmﬁt@h@é%e@tmmé ReWRhAses, PehedoR mﬁﬂéﬁphase
were analyzed by XRRplsisorlearethiai tivatelpiindebase afdbvebjeets siewsimbanpliasad the

composition, meaniigethdphdicbaneleimiard additives were effectively removed, and the
sintered phases are similar.

Tomography analysis is of enormous importance to detect failures inside the green
and sintered 3D objects. For some compositions, detailed analysis of filaments defects
before and after debinding and sintering reveals a significant presence of porosity, inside
and at the surface. The defects are mainly present in filament D. Filaments A, B, and C,
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In composition C where NisTi was not detected, a lower hardness was expected.
Instead, composition D, where NisTi was detected, presents the lowest value. A possible
explanation for the decrease in hardness observed for composition D is the presence of
the Ti-phase previously identified.
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In composition C where NizTi was not detected, a lower hardness was expected.
Instead, composition D, where NizTi was detected, presents the lowest value. A possible
explanation for the decrease in hardness observed for composition D is the presence of the
Ti-phase previously identified.

4. Conclusions

NiTi SMA 3D objects manufactured from prealloyed powder by MEX with the lowest
possible porosity with a uniform and suitable microstructure were the main objective of
the present study.

The presence of NiTi; with low melting temperature (984 °C) and Ni in the prealloyed
powder are expected outcomes of the atomization process. The NiTi, phase can convert
the conventional consolidation process of NiTi based on solid diffusion in a liquid phase
sintering process. In addition to decreasing the porosity, the NiTi, intermetallic phase
can also have a significant role when sintering is the consolidation process because it
can contribute to the uniformization of the final microstructure. The porosity can be
significantly reduced by the isostatic pressing of greens (P = 100 GPa, time = 2 h).

Both NiTi, and free Ni would be suitable to promote NiTi formation during the liquid
phase sintering. The addition of 5 wt.% of TiH, to virgin prealloyed powder highlights that
Ti (released after dehydrogenation), together with free Ni from pristine powder, contributes
to the formation of NiTi instead of Ni3Ti and total depletion of the loose Ni. The composition
of prealloyed powder with 5 wt.% TiH, showed after sintering a homogeneous matrix, but
yet with a NiTi; second phase uniformly dispersed. The sintering process was excellent and
for all the mixtures studied the phases formed, both at the top and bottom, were similar.

Therefore, the use of MEX for processing NiTi prealloyed powder particles showed
promising results, opening a field to new applications of NiTi, namely as a sensor. In
the future, the role of NiTi, in the detection of failure cracks by mechanical sensors must
be demonstrated.
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