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Resumo

A tecnologia de Fabrico Aditivo (FA), também conhecida como Impressao 3D,
tem revolucionado a engenharia médica, particularmente na fabricacdo de scaffolds -
estruturas tridimensionais que oferecem suporte temporario para o crescimento €
regeneragdo do novo tecido 6sseo. Essas estruturas s3o altamente personalizaveis e
possuem alta aderéncia anatomica, possibilitando uma integracdo mais eficaz com o
organismo. Em geral, os scaffolds apresentam uma estrutura celular, formada por poros
e canais que facilitam a penetragao de células e tecidos na sua estrutura. Contudo, devido
a complexidade geométrica desses componentes, estabelecer parametros de fabricagdo
ideais torna-se uma tarefa ardua e demorada. Além disso, as propriedades mecanicas
destes materiais em fun¢do dos pardmetros de impressdo e design ainda ndo estdo
completamente compreendidas. Esta dissertagdo de mestrado procurou contribuir para
colmatar as lacunas de conhecimento nestas areas de estudo. Este trabalho enquadra-se
no seguimento de um projeto anterior de maior escala, no qual se efetuaram experiéncias
a nivel de design das pecas e estudo das suas propriedades mecanicas em funcdo dos
parametros elegidos. Portanto, esta dissertacdo surge na continuagdo desse projeto, no
qual as informagdes obtidas das impressdes 3D realizadas anteriormente, servem como
ponto de partida. Experimentalmente, iniciou-se uma nova impressao 3D, pelo método
de fusdo de leito de po a laser, com uma geometria diferenciada, do qual fazem parte 144
pecas, todas elas originadas por pardmetros de impressao diferentes. Este trabalho divide-
se em duas tarefas principais: (i) analise do po6 utilizado na impressdo; (ii) analise das
pecas impressas. Na primeira fase procedeu-se a analise da dimensdo e morfologia das
particulas do p6 pelos métodos de DLS e SEM, respetivamente. Na segunda etapa do
trabalho, as pegas impressas foram o alvo de estudo, no qual se efetuou: (i) medi¢ao da
porosidade; (ii) medigdo da dureza; (iii) analise da microestrutura; (iv) analise da precisao
dimensional do furo interior; e medigao/analise da rugosidade. De notar que estas analises
tiveram sempre como objetivo associar a influéncia direta que os parametros de impressao
tém nas propriedades mecanicas e caracteristicas na geometria das pecas. Os resultados
mostraram exatamente isso, que existe uma relagdo direta entre ambos os fatores. A
analise do po revelou um material com particulas bastante irregulares e de tamanho quase
trés vezes superior ao anunciado pelo fabricante. Os testes de porosidade revelaram que
os melhores resultados correspondem as pegas com densidades de energia compreendidas
entre 51-54 e 58-63 J/mm’. Enquanto que para a dureza, o intervalo 6timo estd
compreendido entre 45-59 J/mm?>. Para ambas, o parAmetro velocidade de impressio foi
o mais determinante, com os melhores resultados a surgirem para 600-800 mm/s. Sendo
que porosidade e dureza sdo as caracteristicas mais importantes a ter em consideragao
para alcangar os implantes 0sseos desejados, requerendo pecas o mais densas possiveis e
de dureza consideravel, poderd concluir-se desde j4 que a janela 6tima de resultados
corresponde a densidade de energia compreendida entre 51-54 ¢ 58-63 J/mm>. As pecas
revelaram uma microestrutura ndo homogénea com contornos de grao bem definidos.
Relativamente ao buraco interno da pega, as pecas cuja densidade de energia estd
compreendida entre 45-53 e 70-73 J/mm’® exibiram a melhor precisdo dimensional, ou
seja, menor acimulo de p6. Futuramente seria interessante continuar a otimizar os
parametros de impressao, afunilando-os de impressao para impressao, até serem atingidos
os valores 6timos para estes novos materiais emergentes no ramo biomédico.

Palavras-Chave: Ferro puro, Fabrico aditivo, Parametros L-PBF, Otimizagao, Implantes
0sseos






Abstract

Additive Manufacturing (AM) technology, also known as 3D Printing, has
revolutionized medical engineering, particularly in the manufacture of scaffolds - three-
dimensional structures that offer temporary support for the growth and regeneration of
new bone tissue. These structures are highly customizable and have high anatomical
adherence, enabling more effective integration with the body. In general, scaffolds have
a cellular structure, formed by pores and channels that facilitate the penetration of cells
and tissues into their structure. However, due to the geometric complexity of these
components, establishing optimal manufacturing parameters becomes an arduous and
time-consuming task. In addition, the mechanical properties of these materials as a
function of printing and design parameters are not yet fully understood. This master's
thesis sought to contribute to filling the knowledge gaps in these areas of study. This work
follows on from a previous project on a larger scale, in which experiments were carried
out in terms of the design of the parts and the study of their mechanical properties as a
function of the chosen parameters. Therefore, this dissertation is a continuation of that
project, in which the information obtained from the 3D prints made previously serves as
a starting point. Experimentally, a new 3D print was started, using the laser powder bed
fusion method, with a different geometry, of which 144 parts are part, all of them
originated by different printing parameters. This work is divided into two main tasks: (i)
analysis of the powder used in the printing; (ii) analysis of the printed parts. In the first
stage, the size and morphology of the powder particles were analysed using the DLS and
SEM methods, respectively. In the second stage of the work, the printed parts were the
target of study, in which: (i) porosity measurement; (ii) hardness measurement; (iii)
microstructure analysis; (iv) analysis of the dimensional accuracy of the inner hole; and
roughness measurement/analysis were carried out. It should be noted that these analyses
were always aimed at associating the direct influence that the printing parameters have
on the mechanical properties and characteristics of the geometry of the parts. The results
showed exactly that, that there is a direct relationship between both factors. The powder
analysis revealed a material with very irregular particles and a size almost three times
larger than that advertised by the manufacturer. The porosity tests revealed that the best
results correspond to parts with energy densities between 51-54 and 58-63 J/mm?>. For
hardness, the optimum range is between 45-59 J/mm?®. For both, the printing speed
parameter was the most decisive, with the best results coming from 600-800 mm/s. Since
porosity and hardness are the most important characteristics to take into account in order
to achieve the desired bone implants, requiring parts that are as dense as possible and of
considerable hardness, it can be concluded from this that the optimum window of results
corresponds to an energy density of between 51-54 and 58-63 J/mm?>. The parts showed
an inhomogeneous microstructure with well-defined grain contours. With regard to the
internal hole in the part, the parts with an energy density between 45-53 and 70-73 J/mm’
showed the best dimensional accuracy, i.e. the least accumulation of dust. In the future,
it would be interesting to continue optimizing the printing parameters, tapering them from
print to print, until the optimum values are reached for these new materials emerging in
the biomedical field.

Keywords: Pure iron, Additive Manufacturing, L-PBF parameters, Optimization, Bone
Implants
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Development of Pure Iron L-PBF Parameters for Biomedical Applications

1. Project Gradlmp and Contextualization of Dissertation

This work was funded by FCT (Fundagao para a Ciéncia e Tecnologia) as part of
the project PTDC/CTM-CTM/3354/2021, titled “Biodegradable implants in porous iron
obtained by additive manufacturing.” This project is a collaboration between the
Faculdade de Medicina da Universidade do Porto, Instituto Superior Técnico, Instituto
de Ciéncia e Inovagdo em Engenharia Mecanica e Engenharia Industrial, and Instituto

Politecnico de Setubal.

The primary goal of this project is to develop a new concept for biodegradable
temporary iron implants that integrate an enhanced degradation rate, improved
mechanical performance, and increased biocompatibility. This is achieved through an
innovative graded design with different cellular structures, in contrast to compact iron,
along with an advanced manufacturing technique, Laser Powder Bed Fusion (L-PBF),

which allows the fabrication of intricate structures with high precision.

However, to successfully manufacture optimized bone scaffolds using L-PBF
technology, it is essential to understand the various stages of the production process and
how different process parameters and geometries affect the mechanical properties of the
material. This requires a comprehensive study of each variable and the exploration of

multiple cellular structure possibilities.

Thus, this dissertation is based on previous research carried out as part of this
project, in which 3D prints were previously developed with simpler geometries and
broader printing parameters. The data and conclusions from that previous work served as
the basis for this dissertation, in which a new 3D print of a more complex structure with
refined printing parameters was started. The aim is to analyse the resulting parts and
understand how the various printing processes and part geometry influence the

mechanical properties of the material, in order to further optimize the parameters.
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2. Literature Review

2.1 Bone Implants

One component of living things with an innate ability to regenerate is bone. Bone
fractures and cracks that are smaller than a key threshold size can heal on their own;
greater than that, they cannot. As a result, serious wounds or infections could occur,
necessitating medical interventions to help the bone heal and return to its original form
and function [1]. In situations like these, bone-graft materials are frequently needed to

generate an osteogenic response that encourages the growth of new bone [2].

Numerous materials for bone implants, including biopolymers, bioceramics, and
biomedical metals, have been created to date (Figure 1) [3,4]. One class of material with
strong biocompatibility and plasticity is biopolymers. Nevertheless, their applicability in
bone regeneration is limited by their low strength, poor hydrophilicity, and risk of aseptic
inflammation [5]. Bioceramics with high compatibility and activity are typically
constrained by their brittleness. Biomedical metals have integrated mechanical qualities
that make them more appropriate for load-bearing applications when compared to
biopolymers and bioceramics. Cobalt-chromium alloys, stainless steels, and titanium
alloys are often utilized metals in medical applications. Although these metals can act as
partially functional replacements for natural bones, they cannot be degraded and they
become permanent implants [6]. Consequently, as the bone heals, a second procedure is
always required to remove these implants. Patients will almost certainly experience more
pain and expenses after multiple surgeries [7]. Therefore, scientists are looking into
biomedical metals that can gradually break down in the human body and then dissolve
entirely without leaving any trace after bone regeneration, thus avoiding the need for a

second surgery [8].

The topic of biodegradable metals will be discussed in more detail in subsection

2.2.
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Figure 1 - Evolution of biomaterials for bone implants [9]

2.1.1 Bone Tissue

The skeleton stores calcium and serves as a structure, a barrier, and a means of
locomotion. A combination of inorganic and organic phases compose bone [10]. Bone’s

structure and composition is presented in Figure 2.

Type I collagen fibres, glycoproteins, proteoglycans, g-carboxylated (gla)
proteins, and water make up the bone matrix. Numerous non-collagenous proteins play
physiological roles in the control of mineralization or bone cell activity.
One o(II) chain and two identical a(I) chains make up the triple-helical molecule that is
type I collagen (polymer). Mature bone's collagen fibres are arranged in alternating layers,
giving  the  structure its maximal  strength  (lamellar bone) [11].
Collagen type I (COL-I) makes up around 30% of the organic components, whereas
calcium phosphates in the form of hydroxyapatite (Caio(PO4)s(OH)2, HA) (ceramic)
make up the majority of the inorganic components. The mechanical strength and
durability that define bone are produced by the organic and inorganic phases' nanoscale
structure. Osteoblasts manufacture collagen microfibrils, which aggregate laterally and
longitudinally to form fibers known as osteoids. Biomineralization is the term for the
process by which the osteoblasts place HA crystals into the spaces between the collagen

fibrils. The mechanical characteristics of bone tissue are determined by the degree of
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biomineralization; a larger degree of mineralized bone matrix results in a stronger

structure, but one that is more susceptible to fracture.

Trabecular and cortical bone are the two primary types of bone. The bone types
differ from each other by their structure. About 80% of the bone in the adult skeleton is
cortical, and the other 20% is trabecular. The primary functions of cortical bone, which
is highly calcified, are structural and protective. Because trabecular bone has a larger
surface area and is less highly calcified, it can be more metabolically active [11]. Each
skeletal site has a different ratio of trabecular to cortical bone. For instance, vertebrae
contain a lot of trabecular bone but very little cortex, whereas long bones have a lot thicker
cortices and comparatively less trabecular bone. While trabecular or cancellous bone has
a bigger porosity between 30% and 90% and a lower compressive strength of 2—-12 MPa,
cortical, also known as compact bone, has a porosity between 5% and 30% and a

compressive strength of 70280 MPa [12,13].
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Figure 2 - (a) Long bone structure; (b) Bone composition [14]
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2.1.2 Mechanical properties of bone

Despite being an organic substance, bone is frequently compared to artificial
engineering materials. Nevertheless, it is likely to exhibit greater fluctuation in measured
properties than usual engineering materials due to the nature of its synthesis. Among the
factors are age; gender; location in the body; temperature; mineral content; amount of

water present; disease; etc.

There may be some degree of interdependence between these variables. For
instance, the mineral composition will change depending on the patient's age and the
location of the bone in the body. The density and strength of human bones normally
decline with age, making them more prone to fracture. Osteoporosis is a condition
characterized by a significant loss of bone mass that primarily affects women who have
gone through menopause. Due to these variables, the parameters measured of bone can

vary, hence the numbers in tables are always an average [15].

Furthermore, because of its anisotropic structure, bone's mechanical properties

need to be taken into account in two orthogonal directions:

e Longitudinal: in line with the alignment of the osteon. This is the typical loading

direction.

e Transverse: at right angles to the bone's long axis.

> Density

In average, bones have values of density between 1.7 and 2.0 g/cm®[16].

> Young’s Modulus

Table 1 displays the actual values for the Young's modulus of bone in comparison
with hydroxyapatite and collagen. Young's modulus is also dependent on temperature; its
measured value decreases as temperature rises and its value increases as strain rate

increases [15].
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Table 1 - Young's modulus of bone [15]

Material Young's Modulus, E (GPa)
Collagen (dry) 6
Bone mineral (Hydroxyapatite) 80
Cortical bone, longitudinal 11-21
Cortical bone, transverse 5-13

The Young’s modulus of trabecular bone is between 0.05 and 0.5 GPa [17].

> Tensile and Compressive Strength

Normal loading can cause bending moments in bones, like the femur. In various
areas of the bone, these induce compressive and tensile stresses [15]. Table 2 shows stress

values for bones.

Table 2 - Stress values for cortical bone [15]

Longitudinal Transverse
direction direction
Tensile strength (MPa) 60 - 70 ~50
Compressive strength (MPa) 70 - 280 ~50

The tensile strength of trabecular bone is between 10 and 20 MPa and its compressive

strength is between 2 and 12 MPa [17].

> Elasticity
When tested under moist conditions in either compression or tension, compact
bone typically exhibits stress-strain curves that roughly resemble a straight line.

As bone often only achieves a maximum total elongation of 0.5-3%, it is classified

as a brittle solid rather than a ductile one [15].
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» Fracture Toughness

Transverse toughness values are often higher than longitudinal toughness values,
which is in contrast to the results for tensile and compressive strength and modulus. The
cement lines that are present in the microstructure are the cause of this. These are the
weakest parts of bone; they are the thin areas surrounding the outermost lamellae in the
osteons. Crack propagation parallel to the osteons can occur much more easily through
these areas and this significantly affects the fracture toughness of cortical bone in the
longitudinal direction. When a fracture approaches a cement line, it will reorient itself

and become blunted if it is spreading perpendicular to an osteon [15].

Because of this, bone has exceptional toughness while being categorized as a
brittle material (with mineral as the main component). When measured parallel to the
grain, the fracture toughness of bone is between 2 and 12 MPa.m!?, which is similar to

that of wood and steel at low temperatures [17].

This review of the literature on bone is crucial to the development of this project
because when designing biocompatible materials like pure iron, a promising
biodegradable implant because of its advantageous degradation and bone regeneration
properties, it requires an understanding of bone biology and mechanics. The mechanical
properties of bone, such as its strength and elastic modulus and its density, are important
standards for creating metallic biomaterials. By controlling microstructure and porosity
through L-PBF parameter optimization, pure iron implants can minimize stress shielding,

improve biological integration, and achieve the necessary mechanical properties.

2.1.3 Bone tissue engineering

Large bone defects that are beyond the natural regenerative capacity of human
bones are the focus of bone tissue engineering (BTE). In order to support tissue
regeneration and repair, this field integrates cells, signalling molecules, and biomaterial
scaffolds [18]. The scaffold serves as an essential framework that promotes tissue growth,
differentiation, and cell proliferation. It is intended to degrade over time, allowing the

regenerated bone to take its place.
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High porosity and gradient pore structures for nutrient and cell transport,
mechanical qualities appropriate for bone support, biocompatibility to avoid negative
reactions, and biodegradability to permit integration with new tissue are all essential
components of an efficient scaffold. These scaffolds are precisely customized to fit a
range of shapes and sizes thanks to the use of cutting-edge technologies in their design
and construction, such as computer-aided design and manufacturing (CAD/CAM)

[18,19].

Biomaterials are essential for scaffolds because they have properties like high
compatibility with living tissues, ease of processing, and non-toxicity. Biodegradable and
biocompatible materials have been prioritized in recent developments, guaranteeing
scaffolds facilitate effective bone regeneration and repair. The significance of material

selection in improving scaffold performance and clinical outcomes is highlighted by this

focus [18].

2.1.4 Pore Size and Porosity

Pore size and porosity have a major impact on osteoconductivity, which is closely
related to the osseointegration potential of implants. Optimizing these factors is essential
to the design of porous scaffolds during fabrication. According to early research, basic
cellular functions require a pore size of at least 100 pm. Nonetheless, recent research has
shown that scaffolds with pore sizes larger than 300 pm improve vascularization, and that
a pore size of at least 300 pum is recommended as well for efficient osteointegration. This
threshold promotes capillary formation, nutrient transport, and cell migration—all of

which advance osteogenesis [20].

In addition to pore size, porosity is crucial for scaffold performance. Scaffolds
with porosity levels between 70% and 90%, which are similar to those of human
trabecular bone, support bone ingrowth and cell viability. High porosity (>60%) has been
widely regarded as beneficial for osteogenesis by increasing the surface area, which aids
in osseointegration, nutrient delivery, and cell migration [21]. Nonetheless, porosity also

has an impact on scaffolds' mechanical properties. Increased porosity diminishes
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mechanical strength while bringing metal scaffolds' elastic modulus into line with bone's,

which reduces the effects of stress shielding [22].

Laser-based powder bed fusion (L-PBF) has emerged as a promising technique
for scaffold production due to its stability, efficiency, and precise control over internal
pore architecture. This technology makes it possible to carefully adjust important
structural parameters that are necessary to achieve the best mechanical and biological
properties in implants, such as strut diameter, pore geometry, size and interconnectivity

[22].

In general, the design of biomaterial scaffolds relies heavily on the interaction
between pore size and porosity. These elements have a significant impact on cell
behavior, vascularization, and bone formation both in vitro and in vivo, in addition to

influencing the mechanical behavior of the implant.

2.1.5 Lattice structures

Lattice structures, also known as lattice or cellular materials, consist of space-
filling unit cells tessellated along axes without gaps [23]. Their remarkable properties,
such as high specific stiffness and strength, lightweight design, energy absorption, and
acoustic insulation, make them widely used. Applications include load-bearing
components, implants, heat exchangers, and filters [24]. The architecture of these
structures affects their mechanical behavior and performance, and they are classified
according to the type of porosity (open or closed) and the order of unit cells (stochastic
or non-stochastic), which means random or periodic, respectively (Figure 3). Typical
examples of cellular materials include foam, sponges, honeycomb, and folded materials

[25]. The most significant lattice structures are shown in Figure 4.
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Cellular structures
|
[ |

Stochastic cell structure Non-Stochastic cell structure
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lattice (Closed-cell) lattice (Open-cell)

Closed-cell foam Open-cell foam Honeycomb

Figure 3 - Categories of cellular structures [26]

2 > 2 < 3 4

BFCC CBCC CBFCC

3% 9 8 B X

CFCC Diamond FCC2+ iBCC Octahedral

HRENOS

Rhombic Truncated Truncated
Skt dodecahedron oGk cuboctahedron cuboctahedron2+

Figure 4 - Examples of lattice structure unit cells [27]

The production of lattice structures has advanced significantly thanks to additive
manufacturing (AM) technologies, particularly L-PBF. AM outperforms traditional
techniques like casting or forming, which have fewer design options and frequently call
for complex assembly procedures, by providing precise control over unit cell geometry,
strut thickness, and material usage [24]. AM is especially useful in biomedical
applications because it allows for high porosity, which supports bone ingrowth,

osseointegration, regeneration, and structural stability on lattice structures [28]. However,

11
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L-PBF lattice structure failure is largely caused by geometric defects like strut waviness,
strut thickness fluctuation, and strut oversizing. Achieving ideal lattice structures with
desired properties requires careful consideration of process parameters, unit cell

structures, and materials [29].

2.2 Biomaterials for Advanced Manufacturing

The development of biomaterials has progressed through three generations.
Bioinert materials for structural support and attachment were the main emphasis of the
first generation. Bioactive and biodegradable qualities were introduced by second-
generation biomaterials. The third generation focuses on using bioinstructive materials to
create a biological environment that promotes bone regeneration [30]. Utilized in BTE,
these scaffolds combine growth factors and cells to promote healing while preserving
mechanical strength, biodegradability, bioactivity and bioinertness [31]. Even with these
developments, choosing the best biomaterial to treat every kind of bone lesion is still very

difficult.

In general biomaterials are categorized as ceramics, polymers, metals and
composites. Each material has certain qualities and benefits that make it appropriate for

specific purposes in the biomedical sector.

2.2.1 Ceramics

Due to its remarkable qualities, such as their high strength, chemical inertness,
biocompatibility, and resistance to wear, ceramic materials are highly prized in dental and
biomedical applications. Because of their resilience in harsh conditions, they are
frequently utilized for crowns, bridges, and implants. The production of microscale parts
with outstanding mechanical qualities was a challenge for traditional ceramic processing,
but AM has changed this by making it possible to fabricate ceramic components that are

micron-sized and have improved strength and accuracy [32].
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Bioceramics are potential materials for BTE because of their favourable
properties, which include biocompatibility, biodegradability, osteoconduction,
osteoinduction, and hierarchical porosity. Their commercial success has been limited,
nonetheless, by disadvantages such as high brittleness, quick deterioration compared to
bone growth, and mechanical instability. Their application is currently restricted to bone
fillers like cements and tiny, non-load-bearing implants. To overcome these obstacles and
enable bioceramics to sustain load-bearing applications and attain wider commercial

viability, more research is required [33,34].

The most common ceramics used in biomedical field are hydroxyapatite, zirconia,

alumina, and bioactive glasses.

2.2.2 Polymers

Since polymers have desirable properties including controlled biodegradation,
high porosity, mechanical strength, and design flexibility that allows them to be molded
into diverse shapes, they are widely utilized biomaterials in scaffold fabrication for both
soft and hard tissue regeneration. The two main categories of polymers are synthetic and
natural. Because of their innate bioactive qualities and biocompatibility, natural polymers
derived from proteins (such as silk fibroin and gelatin) and polysaccharides (like chitosan
and alginate) closely resemble the extracellular matrix (ECM). Among natural polymers,
silk fibroin is unique due to its remarkable mechanical properties, slow disintegration
rate, and thermal stability. However, there are drawbacks to natural polymers, including

worse mechanical properties, restricted availability, and expensive extraction costs [35].

The advantages of synthetic polymers, such as polylactic acid (PLA), polyglycolic
acid (PGA), poly(lactic-co-glycolic acid) (PLGA), and polycaprolactone (PCL), include
scalability, reduced prices, and customizeable mechanical and structural characteristics.
Despite having a long shelf life and strong mechanical stability, synthetic polymers can
negatively affect cell growth and biocompatibility because they produce acidic
byproducts during decomposition that can cause inflammation and decreased cell

adhesion [36,37].

Due to their low melting points, great plasticity, and affordability, polymers have

emerged as a key component in AM, allowing for the creation of complex microstructures

13
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and shapes. Polymers' biocompatibility and biodegradability, which enable them to break
down gradually as tissue heals itself, make them very valuable in biomedical applications.
Because of these qualities, polymers are now essential components in tissue engineering
and bioprinting, allowing for the development of tissues and organs with specific
mechanical and functional features. However, issues with AM-produced biomedical
polymers' performance, longevity, and recyclability still need to be tackled before they

can be used more widely in healthcare [38].

2.2.3 Metals

With a long history of success in biomedical applications, metallic biomaterials
such as cobalt-chromium (Co-Cr) alloys, titanium (Ti) and its alloys, and stainless steel
316L have been widely employed as implants for stents, valves, joint replacements,
pacemakers, and more. Due to their remarkable mechanical stability,
biocompatibility and fatigue strength, these conventional metals are the most widely used
in orthopedic treatments. This makes them perfect for load-bearing applications and
critical bone defects. However, their wider efficacy is constrained by issues like wear,
corrosion susceptibility, challenging manufacturing, and occasional long-term toxicity,
and also compared to biodegradable metals, they do not promote active bone regeneration

[39,40].

Biodegradable metals are defined as “Metals expected to corrode gradually in
vivo, with an appropriate host response elicited by released corrosion products, which can
pass through or be metabolized or assimilated by cells and/or tissue, and then dissolve
completely upon fulfilling the mission to assist with tissue healing with no implant
residues” [41]. Emerging biodegradable metals, including magnesium (Mg), zinc (Zn),
iron (Fe), and their alloys, are gaining attention for BTE. These metals are found in human
bone naturally as cations, which improves their biocompatibility, bioactivity, and
capacity to aid in the healing process. In addition, they offer more mechanical strength
than biopolymers and bioceramics, providing structural support as they degrade over
time, eliminating the need for a second surgery to remove them. By addressing some of
the limitations of conventional metallic implants, this family of materials presents itself

as a promising substitute for bone regeneration [42,43].

The different biodegradable metals will be discussed in more detail below.
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2.2.3.1 Iron

Iron is a vital trace element critical to human biology, playing roles in oxygen
transport, cell growth, and RNA/DNA reduction. Despite being needed in little daily
dosages (8-27 mg), its levels are strictly controlled to avoid toxicity [44,45]. In
biomedical applications, iron offers high mechanical properties, comparable to 316L
stainless steel, making it a strong candidate for implants. However, its slow in vivo
degradation rate limits its use in biodegradable applications, as it can cause reactions

similar to those of permanent implants.

To overcome these obstacles, studies were carried out and it was concluded that
porous iron-based scaffolds showed faster corrosion rates and a Young's modulus closer
to that of cortical bone, when compared to non-porous iron, highlighting their potential
for use in bone tissue engineering. By making cellular structures it is possible to adapt the
mechanical properties as well as increase the degradation rate. The researchers found that
pure iron was not cytotoxic and had excellent hemocompatibility and biocompatibility

[46].

2.2.3.2 Zinc

Zinc is an essential trace mineral that is necessary for many body activities, such
as immune response, cell division, and neurological processes. Along with being crucial
for DNA functions like replication, stability, repair, and protection, it also controls
proteins and enzymes. Zinc degrades at a rate slower than magnesium but faster than iron,

making it a good intermediate option [6,47].

Nevertheless, this material has certain drawbacks, including lower mechanical
qualities (e.g., elastic limit ~100 MPa) than iron and magnesium, which restricts its use
in load-bearing situations, and zinc oxide can accumulate at the degradation site,
potentially affecting local tissue reactions. Producing zinc implants using L-PBF is
challenging because of zinc's low melting and boiling points, as well as its high
susceptibility to oxidation, which leads to significant porosity in the manufactured

components [48].
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2.2.3.3 Magnhesium

Magnesium is the fourth most prevalent metal in the body (after calcium,
potassium, and sodium) and an essential mineral that is primarily present in human bones.
It is a crucial cofactor for numerous enzymes and plays a significant part in genome
stabilization. Magnesium hydroxide and hydrogen gas are the non-toxic by-products of
the natural degradation of magnesium induced by corrosion in the body. The risk of stress
shielding is decreased because its elastic modulus (~45 GPa) is comparable to that of

normal bone (~10—40 GPa) [49,50].

However, there are some disadvantages, for example, in the physiological
environment, magnesium can corrode too quickly, which can result in a loss of
mechanical integrity before tissue healing is complete. Gas pockets caused by excessive

corrosion can prevent tissue repair [48].

Table 3 compares the different biodegradable metals.

Table 3 - Comparison between biodegradable metals [45,46]

Iron (Fe) Zinc (Zn) Magnesium (Mg)
Degradation Slow Moderate Fast
Rate
Mechanical .
Strength High Low Moderate
Elastic :
Modulus thzaaob(o?ﬂ?h higher | g, ~45
(GPa)
Biological Iron metabolism !Enzyme cofactor, Bone metabolism enhancer
Role immune support
Applications Sten.ts, I_oad- Stents, scaffolds Orthopedics, stents
bearing implants
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2.2.4 Metal powders for AM

A key component of AM is the production of metal powders, which has a big
impact on the effectiveness of the procedure as well as the quality of the final product.
The need for successful recycling and reuse of unused powder is highlighted by the fact
that AM processes usually use considerably less material than the total volume of powder
used. The recycling procedure, however, can be challenging. As powders are exposed to
the inherent thermal effects of AM processes, repeated use may change their physical
characteristics, including flowability and grain size distribution. The physical and
chemical characteristics of the powders may be directly impacted by these
thermal effects. Also, while handling the powders during recycling, impurities can be
introduced, such as moisture, oxide inclusions or other contaminants. Metal powders can
have small agglutinations of smaller particles on their surface, called satellites, which are
responsible for reducing the powder’s fluidity. The recycling process causes these

satellites to gradually fuse with the larger particles [51]

A variety of defects, such as inclusions, porosities, and voids, can be introduced
during the production of metallic powders. The porosities in these powders may be
released into the melting pool and then trapped in the liquid metal when they are used in
the L-PBF process. As a result, this may cause porosities after the solidification process.
These porosities can have a major effect on the final L-PBF component's quality,
influencing the part's overall performance as well as its structural integrity. Figure 5

shows the impact of powder porosity in the melt pool.
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Figure 5 - Visual representation of melt pool defect phenomena in L-PBF processes [52]
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Three primary steps are involved in the manufacturing of metal powders for AM.
In order to create pure metals or alloys in shapes like ingots or rods, the first step involves
extracting raw materials from ores or mineral resources. Using specialized production
techniques, these materials are turned into powder in the second stage. Since it can create
powders with desired geometric properties, atomization is the most popular of these
techniques. However, post-production procedures like sieving are required to guarantee
the powder satisfies the required granulometric specifications because particle size cannot
be entirely controlled during production. Classifying and verifying the powders to make

sure they meet the strict quality standards is the last step [53].

2.2.4.1 Different methods of producing metal powders

Metal powders are made using a variety of methods. While electrolytic and
chemical deposition techniques rely on chemical reactions or electrolytic processes to
produce metallic particles, mechanical methods involve grinding or milling solid
materials into powders. Finally, the most widely used techniques are physical ones,
especially atomization [54]. The pure iron powder chosen for this project, ATOMET
FeAM, produced by the Canadian company Rio Tinto, was obtained by the atomization
process, more specifically, water atomization, which is why it will be the process

addressed below.

Since atomization is considered the most popular, effective, and economical way
to produce metal powders, it is crucial to investigate how it can produce high-quality
powders for a range of uses. In order to facilitate atomization, the desired metal or alloy
1s initially cast, melted, and then poured. Gas, water, and plasma atomization are the three
main methods of atomization. Melted metal enters a chamber and falls freely, creating
spherical droplets under gravity in the process of gas and water atomization. The molten
stream is then hit by jets of water or gas, which break it up into particles that cool and
turn into powder. Figure 6 shows the influence of the atomization method on the
sphericity of the iron powder. In contrast, plasma atomization melts and atomizes the
metal using high-temperature ionized gas jets, or plasma [53,54]. Due to the plasma's
controlled atomization and even heat distribution, this process yields powders with a

higher degree of sphericity and a lower number of satellites, which benefits the results in
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L-PBF parts when compared to other methods. The primary process for creating iron and
steel powders is water atomization, which usually supplies the press-and-sintered
industries instead of the specialized AM industry. It is crucial to remember that during
additive processes, the oxide layers created during water atomization have a direct impact

on the powder's flow characteristics and the melt's viscosity [53].

As mentioned before, the physical, mechanical, and structural integrity of the
finished product are all directly impacted by the quality of metal powders, making them
essential for successful additive manufacturing. For AM processes to be consistent,

effective, and sustainable, advancements in powder production and recycling are crucial.

X ,\")"‘_‘»"-})'- | 500 pm b5 ol (3 T % ot 500 um

Figure 6 - Iron powder produced by: a) Gas atomization; b) Water atomization [55]

2.2.5 Microstructure

Each layer of material is subjected to a repeated thermal cycle in AM. A laser or
electron beam is used to quickly heat the material above its melting point during L-PBF
process, which is followed by quick solidification. Phase variations between layers are
frequently caused by this process, which makes it difficult to precisely model and project

the composition and microstructure of parts made using AM [56].

Since AM involves rapid cooling rates, it consistently produces finer-grained
structures than traditional manufacturing techniques across a variety of materials. The
resulting microstructure is shaped by temperature gradients, which are heavily influenced
by variables like energy input, layer thickness, pre-heating conditions, and part geometry

[56].
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2.3 Additive Manufacturing

2.3.1 General considerations

Three-dimensional (3D) printing, also referred to as additive manufacturing (AM)
technologies, initially gained attention in the 1980s. Research in this area has increased,
which has accelerated the development of 3D printing technology. As a result, the market

for AM has grown faster than anticipated in recent years [57].

Based on a 3D model, AM fabricates parts by directly adding materials layer by
layer. Compared to conventional manufacturing methods, this technology offers several
unique benefits. Rapid prototyping and the fabrication of intricately shaped pieces in a
broad range of materials have made 3D printing an indispensable tool. Prototypes can be
produced quickly and affordably, which speeds up the product development process. This
shortens time-to-market and aids in iterative design enhancements. 3D printing methods
significantly reduce material waste by producing components with nearly perfect shape
and considerably higher degree of detail than traditional manufacturing processes.
Additive manufacturing technology can also help to increase the dimensional accuracy.
These, nonetheless, also present certain difficulties. One of the reasons is that they are
unsuitable for big volume production and have a lengthy lead time for manufacturing

[58].

However, these find widespread use across diverse sectors and applications,

spanning from robotics to medical uses, such as prostheses production.

There are eight essential steps in the additive manufacturing process (Figure 7):

e Modelling: In which the part is designed or reverse-engineered to produce a 3D
CAD file.

e STL Conversion: Converting the CAD file into the STL format for compatibility
with 3D printers.

e Data Preparation / STL manipulation: Changing the orientation, size, and position

of the part.

e Machine Setup: Adjusting the speed, material, and layer thickness.

e Build: Fully autonomous manufacture of the component.
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Part Removal and Cleanup: Remove the produced part when it is safe to do so.

Post-processing: Improving the component through the elimination of supports.

Application: Preparing the finished component, maybe with extra coatings or

finishes, for its intended application.

3. Data preparation

Preparation of file, close
hole or open surface/Part
orientation/Support

Structure

4. Machine setup

2. STL file
Built parameters setting
and generation of
control data

Creating STL
(Standard Surface
Tessellation Language)
data from the model

5. Built

1. CAD-Model

Production of part

3D CAD modelling/3D
scan as reverse
engineering

Additive \

Manufacturing
Processing Steps

6. Remove

Removal of powder,
support structure, and
platform

7. Post-processing

Heat treatment, surface
finish, polishing

8. Application

Testing and performance

Figure 7 - Sequential steps in AM process flow [59]

In order to establish greater scientific coherence in this field, the ISO/ASTM

52900:2015 standard [60] has defined that AM can be divided into seven categories [61]

(Table 4).
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Table 4 - AM categories according to ISO/ASTM 52900:2015 standards

AM Categories Definition

A method of creating layers by pushing material via a
nozzle.

Uses a heat source, such as a laser, to fuse powder
particles in a powder bed layer by layer.

Like inkjet printing, it applies material droplets layer by
layer and uses heat or UV light to solidify each layer.
Uses a liquid binder to selectively join powdered
Binder Jetting material layers, creating pieces that frequently need post-
processing to increase their strength.

Uses a laser or electron beam to precisely melt material
(usually metal) as it is deposited; this is frequently done
for large-scale manufacturing or repair.

Vat Photopolymerization Uses a light source to cure liquid resin layer by layer.
Uses heat or adhesives to join layers of material sheets
Sheet Lamination that have been cut to shape, frequently to create
composite materials.

Material Extrusion

Powder Bed Fusion

Material Jetting

Directed Energy
Deposition

This project focuses on laser powder bed fusion technology which is explained in

the next subchapter.

2.3.2 Laser Powder Bed Fusion (L-PBF)

In this AM method, a focused high-density laser beam selectively scans a powder
bed. The scanned and solidified layers are then piled on top of one another to create a

fully functional three-dimensional part, tool, or prototype [62].

In contrast to traditional manufacturing methods, pre-processing begins
immediately with the CAD model being converted to a unique file format (.stl or other)
so that triangles can be used to represent the geometry. Then, using unique algorithms,
the 3D model is sliced into extremely thin layers, usually 20100 um in the L-PBF
process. Following the configuration of process parameters based on material, required
specifications, and geometry (such as scan strategy, laser power, hatch distance, and scan
speed), the software of the L-PBF machine receives this slicing data and proceeds to scan

each layer atop the other to build the part [63].
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A powder roller applies the proper amount of powder to the building plate, as
shown in Figure 8, and the laser beam is exposed to the powder selectively based on the
geometry of the part. The fabrication piston drops one step at the end of each layer, while
the powder delivery piston moves one step/layer up. The powder is subjected to a laser
beam with enough energy to melt it. This process continues until the last layer is printed
and the part is finished. After that, parts usually go through a finishing process, such as

support removal, polishing, etc [64].

Inside the machine chamber, the environment is pressurized and controlled, filled
with an inert gas, usually argon or nitrogen, in order to prevent oxidation of the molten
metal and other undesirable chemical reactions that may occur. To further improve the

process and protect machine operators, temperature control and filtering technologies are

used.
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Figure 8 - Schematic diagram of laser powder bed fusion process [64]

The applications of the big family of laser-based powder bed techniques are
diverse and extend to a wide range of different domains, such as aerospace, medicine and
biotechnology, automotive, energy industry, military industry, electronics industry,

among others [65,66].

This method, which falls under the category of "non-classic" manufacturing
techniques within metal-AM, has found application in the biomedical industry. The
creation of jaw and bone implants for use in dentistry and orthopaedics is among the

earliest research fields [67,68].
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2.3.3 Printing parameters for the L-PBF process

The L-PBF process involves a wide range of physical phenomena, including as
heat transfers, fluid flow, vaporization, material emission, chemical reactions, and laser
absorption and reflection. Both liquid-to-solid and powder-to-liquid phase transitions take
place simultaneously. Understanding these physical phenomena can help in the efficient
manufacture of components that are very close to the desired goal, i.e. without defects

and the selection of suitable process parameters for the L-PBF procedure [69].

The L-PBF process is controlled by various parameters, as shown in Figure 9.

Process

parameters

|
[ | | |
Powder-related Temperature-related

Scan speed Particle size Powderbed
temperature
Scan spacin Particle shape &
distribution Powder feeder

temperature
Puise duration Secan pattern Povilor bed donsiiv
. Temperature
uniformity
Material properties

Figure 9 - L-PBF process parameters [70]

As can be seen highlighted in figure 9, scanning speed, hatch spacing, laser power,
layer thickness and spot size are the main build parameters that impact laser powder bed
fusion. They play a critical role in determining the quality, mechanical properties and
efficiency of the final part, so the focus will be on them [71]. These parameters are shown

schematically in Figure 10.
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Hatch spacing

Powder bed

Layer
thickness

Preceding layers or substrate plate

Figure 10 - Schematic representation of L-PBF process parameters [72]

e Scanning Speed: The speed at which the laser moves across the powder bed during

the melting process.
e Hatch Spacing: The distance between adjacent laser scan lines in a single layer.
e Laser Power: The amount of energy output by the laser during the L-PBF process,
typically measured in watts (W).

e Layer Thickness: The thickness of a layer that equals one incremental amount of

the powder bed.
e Spot Size: The diameter of the laser beam at the focal point where it interacts with
the powder bed.

It is difficult to determine the exact magnitude of each parameter level in the L-
PBF process because every response is affected by every process parameter. Rather than
precise values, the parameter ranges are typically controlled by volumetric energy density
(VED) equations. VED, which stands for the energy that the laser applies to a unit volume
of powder, is an important consideration in the production process of melting powder
materials. This parameter establishes a relationship between the laser beam’s energy and
key process parameters like scanning speed, hatch spacing, laser power, and layer

thickness, ensuring their combined effect is appropriately controlled.

An identical energy density value with different L-PBF process parameters results
in different material properties. Essentially, the nuances of energy input and how it

interacts with the material are not completely captured by the VED equation alone. Even
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when the VED is the same, the resulting material properties are highly dependent on the
particular process settings because each parameter has a distinct impact on the heat

distribution, melt pool dynamics, and solidification behavior [29].

The empirical formula of VED is calculated using Eq. (1):

ED =——«—
VED =¥ X Dhxt (1)

where:
VED, is the Volumetric energy density (J/mm?),
P, is the laser power (W),
Vs, is the scanning speed (mm/sec),
Dh, is the hatching distance (mm), and

t, is the layer thickness (mm).

In addition to VED, Energy Intensity (I) is another crucial parameter that
considers both the amount of energy delivered and its distribution within the impact area
of the laser [29]. The energy intensity is defined as the laser power distributed over the

focal area of the laser beam. It can be expressed as shown in Eq. (2):

~
I
| o
S

where:
I, is the Energy Intensity (W/mm?),
P, is the laser power (W), and

A, is the cross-sectional area of the beam (mm?), assumed to be a circle, calculated as:

where:

d, is the spot size (mm)
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Thus, the final Energy Intensity formula is expressed as:

[=——— (4)

2.3.4 Defects in the L-PBF process

As mentioned before, the L-PBF process relies on a variety of interrelated
parameters, powder characteristics and the chamber environment. If any of these factors
are not properly configured, defects are likely to occur [73]. Under-heating and
overheating melting processes on overhang structures or unsteadily melting parts are the
most common causes of defects in the L-PBF process [29]. Some of the significant defects

influencing the result of the L-PBF parts are discussed below.

e Balling: A phenomenon which is usually brought on by not sufficient
wetting of the melt pool, occurs when molten metal forms spherical
droplets rather than a smooth layer. This can occur due to the combination
of a moderate laser power and a low scanning speed (first type of balling)

or due to the combination of a high laser power and a high scanning speed

(second type of balling) [74, 75]. Figure 11 shows balling effects.

Figure 11 - Surface morphologies characteristic of: (left) no balling; (middle) second type of
balling; (right) first type of balling [76]
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Cracking: Cracks arise from high thermal gradients and residual stresses,
especially in materials with low ductility or poor thermal conductivity.
They can propagate through the part and cause failure, mitigated by

preheating, optimized scanning, or material selection (figure 12 (a) and

(b)) [73].

Delamination: Refers to layer separation, which is frequently brought on
by inadequate bonding from low energy input or incorrect laser scan
overlap (Figure 12 (c)). As residual stress weakens interlayer adhesion, it

can make this defect worse [75].

Figure 12 - SEM images of examples of cracking: (a) long crack, (b) short crack; (c)
example of delamination between layers [77]

Swelling: Occurs when localized over-melting caused by excessive heat
input results in bulges in the material. This flaw causes uneven material
distribution and is associated with improper laser parameters or poor
powder flow. This phenomenon is similar to the balling phenomenon, but
in this case the metal does not solidify into spherical shapes, but into

ripples causing surface relief (Figure 13).
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Figure 13 - Swelling phenomenon [77]

e Warping: Uneven thermal contraction and expansion during rapid
cooling results in part deformation. For thin structures or overhanging

geometries, this is particularly problematic (Figure 14) [75].

Gas

—

Layer N-1

Y
1\—

5 Ky
Powder bed ,'-:-1

7

(a) warping principle (b) warping accumulation

Figure 14 - The warping principle during L-PBF fabrication of overhanging surface [78]

e Surface roughness: Is an anomaly where partially melted particles stick
to the part's surface (Figure 15); this often comes on by melt pool spatter
or not sufficient powder layer recoating. Inadequate powder properties or

inappropriate scanning techniques may also be the cause [74].
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100ym

Figure 15 - Presence of particles in a part made by L-PBF [79]

Loss of alloying elements: Happens when volatile elements are vaporized
by high laser power or extended laser beam exposure, changing the
composition of the material and compromising mechanical performance

[74].

Distortions: Are widespread deformations of the component caused by
the buildup of residual stress, which may be brought on by irregular heat

distribution and thermal cycling.

Residual stress: Is a common problem in L-PBF that results from high
thermal gradients and quick solidification (Figure 16 - top). During or after
printing, these stresses may cause cracks, warping, or even failure,
requiring post-process stress-relieving treatments (Figure 16 - bottom)

[74].
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Figure 16 - Temperature gradient mechanism (top) leading to the formation of cracks and

delamination (bottom) [72]

The mechanical properties of the L-PBF-fabricated parts, particularly fatigue
strength, are greatly impacted by defect formation. Defects directly shorten a part's fatigue
life and are a major factor in the beginning of fatigue cracks, which limits the use of this
process. Defect identification and elimination are the basis of quality control in an L-PBF
process. High-quality fabrications require real-time flaw reduction, simulation, modeling,

and defect monitoring. In the near future, defect-free L-PBF productions are expected

[73].

In summary, this literature review was essential for the preparation of this work,
since the optimization of L-PBF parameters for pure iron implants requires knowledge of
pore size, porosity and biomaterials, since these factors have an impact on
biocompatibility, degradation and mechanical properties. In addition, the evaluation of
material properties that affect part quality and process stability is facilitated by research

into metal powder production techniques.

Optimizing manufacturing conditions and producing high-quality pure iron

components requires a detailed analysis of the L-PBF process, including printing
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parameters and typical defects. Since the energy equations are directly related to the
printing parameters under study, a thorough understanding of them was necessary. By
analysing these relationships, it is possible to control the porosity and mechanical
performance, ultimately improving the suitability of L-PBF pure iron for biomedical

applications.
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3. Materials and Methods

3.1 Scope of Experimental Work

Understanding how printing parameters and object geometry affect mechanical
properties is a key focus of this study. As mentioned earlier, AM offers significant
potential due to its ability to create intricate components that would be difficult or
impossible to produce with conventional manufacturing methods. However, gaining
insight into the various stages of the production process and the impact of different
parameters on the material is essential. Since the ultimate objective of the Gradlmp
project is to develop biodegradable porous iron implants, a thorough understanding of
how each variable influences the final product is crucial to achieving an optimized and
suitable implant for human use. Therefore, this project is divided into two stages: the first
in which the pure iron powder is subjected to tests in order to characterize the material
and the second stage in which 144 printed parts are evaluated and the aim is to study and
relate the effects that the printing parameters have on the geometry of the parts and

especially on their mechanical properties.
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3.2 Overview

Subchapter 3.3 presents all the equipment and tools used throughout this project.

Subchapter 3.4 describes the material used to print the parts. In Subchapters 3.5 and 3.6,

all the experimental work is explained in more detail. The results and their discussion can

be found in chapter 4. For a clearer understanding of the nature of this experimental work,

it is recommended to review the flowchart presented below (Figure 17).

Iron powder analysis 3D printing

144 parts produced

Particle morphology

Particle size

Porosity

Optimized printing parameters

N
_—
B
N
R e

Figure 17 - Flowchart of the experimental work conducted
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3.3 Equipments and Tools

Throughout this project, various instruments have been used to carry out these

tests. They will all be mentioned below.

e 3D Printer: To produce the different pure iron samples, the 3D printer “Concept
Laser M2 Series 5 was the selected (Figure 18). This equipment is available at
INEGI (Institute of Science and Innovation in Mechanical and Industrial
Engineering). Table 5 shows some important specifications provided by the

manufacturers for this machine.

Table 5 - Concept Laser M2 Series 5 specifications from manufacturers website [80,81]

M2 Series 5 - Technical Data

Laser Powder Bed Fusion
(L-PBF)

Print volume (mm?) (x,y,z) | 245 x 245 x 405

Printer dimensions (mm?) 2739 x 2050 x 2781

Technology

Weight (Kg) Approx. 2500
Operating conditions (°C) 18 - 25
Layer thickness (um) 25-120

Fibre Laser 2 x 1kW
Fibre Laser 2 x 400W

Max 4,5 (with variable focus

Laser system options (cw)

Scanning speed (m/s)

adjustment)
Focus diameter (um) 61-72
Spot size range (um) 70 - 500

The atmosphere of the machine chamber contains an inert gas, usually argon or
nitrogen (nitrogen in the case of the machine used), to prevent contamination and

oxidation of the powder. A very important factor for medical applications.
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Figure 18 - Concept Laser M2 Series 5 installed in INEGI

e Scanning Electron Microscope (SEM): In order to do the particle morphology
analysis of the iron powder, a “Phenom XL” (Figure 19) from Thermo Scientific
was used. In addition, EDS (Energy Dispersive Spectroscopy) was employed to
obtain compositional analysis of the powder. Table 6 shows some important

specifications provided by the manufacturers for this machine.

Table 6 - Phenom XL specifications from manufacturers website [81]

Phenom XL - Technical Data

Electron optical magnification 160 - 200,000x

range
Light optical magnification 3-16X
Resolution <10 nm
. : 960 x 600, 1920 x 1200, 3840 x 2400 and 7680 x
Image resolution options :
4800 pixels
Acceleration voltages Default: 5 kV, 10 kV and 15 kV

Backscattered electron detector (standard)
Secondary electron detector (optional)
Energy-dispersive X-ray spectroscopy (EDS)
detector (optional)

Detector

Max. 100 mm x 100 mm (up to 36 x 12 mm pin
Sample size stubs)
Max. 40 mm (h)
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Figure 19 - Phenom XL (at DEMec FEUP)

Particle Size Analyzer: To determine the particle size of the iron powder using
the digital light scattering (DLS) method, the “LS 230" from Coulter (Figure 20)

was chosen. This equipment measures particles from 0,04 pm to 2000 pm.

Figure 20 - Coulter LS 230 (at DEQ FEUP)
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Universal Milling Machine: The printed parts were removed from the printing

plate with this milling machine (Figure 21) from the manufacturer Induma.

Figure 21 - Induma milling machine (at DEMec FEUP)

Electric Discharge Machine: The printed pieces were longitudinally cut for later
porosity analysis with “RoboCut a-C400iC” (Figure 22) from the manufacturer
FANUC.

Fig 22 - RoboCut a-C400iC (at DEMec FEUP)
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e Press Molding Machine: The parts were applied in resin with “Prontopress-2”

(Figure 23) from the manufacturer Struers.

k i

Figure 23 - Prontopress-2 (at DEMec FEUP)

o «

e Grinding and Polishing Machines: The parts previously applied in resin were

grinded and polished with “RotoPol-21” (Figure 24) from the manufacturer

Struers.

Figure 24 - RotoPol-21 (at DEMec FEUP)
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Stereo Microscope: In order to obtain images for later analyse of the
characteristics of the printed parts such as hole, top surface roughness and
porosity, “Olympus SZ-ET microscope” (Figure 25) from the manufacturer
Olympus Europe was the machine used. It is equipped with a digital camera “Zeiss

Axiocam 208 color”.

Figure 25 - Olympus SZ-ET microscope (at DEMec FEUP)
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e Microscope: The microstructure of the printed parts was analysed with “Zeiss

Axioplan 2 microscope” (Figure 26) from the manufacturer ZEISS.

Figure 26 - Zeiss Axioplan 2 microscope (at DEMec FEUP)

e Digital Caliper: The height of the internal hole of the parts was measured with
“Skjutmaétt Digital Caliper 150 mm” (Figure 27) from the manufacturer LIMIT.

The resolution of the instrument is 0.01 mm.

T—

Figure 27 - Digital caliper (at DEMec FEUP)
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Surface Roughness Tester: The roughness of the parts was determined with

“LV-50” (Figure 28) from the manufacturer HOMMELWERKE.

Figure 28 - LV-50 (at DEMec FEUP)

Hardness tester: The Vickers hardness of the printed parts was measured using

a “WOLPERT DIA TESTOR 2 RC” (Figure 29).

Figure 29 - WOLPERT DIA TESTOR 2 RC (at DEMec FEUP)
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3.4 Materials

The material selected for this experimental part used in the Concept M2 Series 5
was ATOMET FeAM from manufacturer Rio Tinto, which is a high purity iron powder
suitable for additive manufacturing applications. The powder was produced by the water
atomization process. Figure 30 shows two SEM images of the powder provided by the
supplier. Its apparent density is presented as 3.10 g/cm?> [82].

15kV X260 100pm 21 37 SEI 10kV X500 50pm 20 37 SEI

Figure 30 — SEM images of the iron powder provided by the manufacturer [82]

The chemical composition and data sheets of the material are shown in Tables

7,8.9 and 10.

Table 7 - Powder typical chemical composition [82]

Typical chemical composition (% by weight)
Iron > 995
Manganese 0.04
Carbon 0.004
Oxygen 0.08
Sulfur 0.007
Nitrogen 0.004

Table 8 - Powder typical size distribution [82]

Typical particle size distribution
dio 15 um
dso 30 um
dao 45 ym
dog 60 um
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The following technical data provided by the manufacturer is for information
purposes only. The properties reported here were obtained by printing ATOMET FeAM
with an EOSINT M 280 printing machine (powder-bed selective laser melting) with

optimised process parameters [82].

Table 9 - General process data [82]

General process data

Typical achievable part accuracy

(small part < 80 x 80 mm)! Approx. £ 30 pm

Minimal wall thickness Approx. 0.2 mm
Surface roughness (as manufactured)

- Layer plane (xy) Ra 4 pm (0°)

- Build direction (z2) Ra 8 um (90°)
Surface roughness (after shot-peening)

- Layer plane (xy) Ra 5 pm (0°)

- Build direction (z2) Ra 5 um (90°)
Volume rate (total build speed including recoating) | 8 cm®/h
Achievable density 7.80+ g/cm3

Table 10 - Mechanical properties [82]

Mechanical properties | As-build Stress-relieved?
Yield strength

- Layer plane (xy) 550 MPa 460 MPa
- Build direction (z) 450 MPa 450 MPa
Tensile strength

- Layer plane (xy) 600 MPa 510 MPa
- Build direction (z) 500 MPa 490 MPa
Elongation strength

- Layer plane (xy) Approx. 13% Approx. 19%
- Build direction (z) Approx. 13% Approx. 16%

Modulus of elasticity
- Layer plane (xy) Typ. 210 GPa
- Build direction (z)

! Following a standard EOS calibration procedure (optimised beam-offset).

2 Stress-relief heat treatment : 30 minutes at 600°C.
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3.5 Iron powder analysis

In order to characterize the iron powder used in the 3D printing process, several
tests were carried out in laboratory to obtain relevant information about the shape,
morphology and particle size of this metal. These tests are useful for assessing the quality

of the powder and comparing it with the data provided by the supplier. The iron powder

used throughout this project can be seen in Figure 31.

Figure 31 - Iron powder used throughout this project

3.5.1 Particle morphology analysis

SEM is an essential instrument for analysing particle’s morphology, size, shape,
and surface structure in the context of powder analysis. Depending on sample preparation
and equipment parameters it is possible to obtain 3D images which offer topographical
details. In addition, by employing EDS (Energy Dispersive Spectroscopy), it is possible
to obtain compositional analysis, i.e. information about the chemical composition of the

powder.

Some SEM images were taken at two different magnifications. However, for a
more reliable analysis, four images at the same magnification (1000x) were used. The

accelerating voltage applied to the electron beam was 15V, a high value due to the good
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conductivity of iron, which allows for better contrast and greater depth of field, as well
as greater penetration of the electron beam. It should also be noted that the SEM
microscope operates under vacuum so that the electron beam is not scattered by air

particles, thus guaranteeing a sharper image.

In order to analyse the shape and morphology of the particles, SEM analysis was
then carried out on the “Phenom XL machine. After taking the SEM images, they were
then loaded into imagel] software (version 1.54k), where they were segmented
(thresholded) to highlight the particles and then measure their properties. This data was
then transferred in column form to Excel software (version 2501) for later analysis. The
two properties that stood out as most relevant in order to analyse the morphology of the
particles are circularity, which can be understood as a measure of the similarity of the
particle to a sphere, and aspect ratio, which is the ratio of the length (longest axis) to the

width (shortest axis) of a particle.

e The circularity scale goes from 1 (completely circular) to 0 (very elongated or
irregular). A rough particle surface leads to low numerical values of the parameter

circularity. ImagelJ uses the formula in Eq. (5) to determine circularity:

) . 4 x T * Area
Circularity = Porimotor? (5)

e Aspect ratio expresses the particle's length or stretch. A perfect circular shape is
represented by the number 1, whilst longer shapes are represented by larger

values. ImagelJ uses the formula in Eq. (6) to determine aspect ratio:

) Longest axis
Aspect Ratio = —
Shortest axis

3.5.2 Particle size analysis

Digital light scattering (DLS), sometimes called dynamic light scattering, gives a

hydrodynamic size, which is a measurement of the behaviour of the particles in solution
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that also accounts for the influence of surrounding liquid molecules. A sample of the iron
powder was then subjected to this method of analysis in “LS 230 machine and the results

transcribed into a text file for later analysis.

3.6 3D printing

This dissertation is a follow-up to a previously started project, in which there had
already been two preliminary prints with simpler geometries (cubes). In the first print, we
tried to visibly identify the parts that had been undermelted and overmelted. In the second
impression, a more in-depth porosity analysis was carried out. To do this, the pieces were
cut crosswise and the set of parameters that resulted in pieces with porosity of less than
1% was identified. Using the optimized process windows found in the previous prints, a
more focused analysis was carried out in this experiment with 144 additional parts. The

parameters used for this experiment are listed in Table 11.

The geometry of these parts is much more sophisticated compared to previous
printing (cubes). It was chosen to introduce the number of each part on one of the side
faces, an internal hole in the shape of an arc and a 45° exit angle that connects the part to
the printing plate (Figure 32). Figure 33 shows the technical drawing of the part, where
the dimensions are in mm. In this print, a more complex geometry was modeled to
evaluate the ability of different parameter variations to print more sensitive regions,
namely a horizontal hole without supports and 45° protrusions. This is the angle because
all the geometries modeled in the future have this inclination. The parts were removed
from the printing plate using an Induma universal milling machine. The parts were then

subjected to various tests, which are explained in the following subchapters.
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Table 11 - Pure iron L-PBF parameters tested in this 3D printing

Scanning Speed . Hatch Spacing
(mmis) Spot Size (um) (mm)
0,16 - 0,21
2 step: 0,01
0,135- 0,185
e step: 0,01
0,115- 0,165
700 ' ’
110- 170 step: 0,01

step: 20

0,08 -0,13
step: 0,01

1000

Figure 33 - Technical drawing of the part (dimensions in mm)
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3.6.1 Porosity measurements

Since this print was based on the optimized process windows identified in the
previous print, it would make sense to also analyse the porosity of the new parts. Also, to
understand how the more complex geometry of the new part influences this porosity and,
consequently, its relative density, a very important factor for biomedical applications.
However, it should be noted that in this print, the cut was longitudinal, whereas in the

previous print it was transversal.

In order to assess the porosity of the parts, the pieces were cut longitudinally using
electrical discharge machining with the use of a FANUC RoboCut a-C400iC machine.
Once the longitudinally cut parts had been obtained, they were then placed in resin
(EpoMet F 20-3381-160) on Prontopress-2 machine and then polished with 320 and 800
grit silicon carbide sandpaper on ProtoPol-21 machine. Polishing cloths impregnated with
3 um and 1 pm suspended diamonds were then used. Using an Olympus SZ-ET
microscope, images of the pieces were captured at 12x magnification with software ZEN

3.3 (blue edition) and their porosity was determined using ImageJ software.

After obtaining the porosity values for each piece, the influence of different
printing parameters on porosity was analysed. This was done using graphs that related the

various variables.

This analysis is very important in order to continue with the method of tapering

printing parameters until the optimum ranges are reached.
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3.6.2 Hardness measurements

To determine the hardness, all 144 parts were subjected to this test. The test was
carried out on the WOLPERT DIA TESTOR 2 RC hardness tester. Once the average
value has been obtained, the tabulated values are consulted and the Vickers hardness
value is extracted. It should be noted that this procedure was repeated three times for each

part in order to obtain a reliable average hardness value.

After obtaining the hardness values for each piece, the influence of different
printing parameters on hardness was analysed. This was done using graphs that related

the various variables.

3.6.3 Microstructure analysis

A microstructural analysis of the printed parts was considered relevant to the
study. For this purpose, one of the parts with the most promising results was chosen. Part
number 108, out of a total of 144 parts, which has low porosity and high hardness, was
chosen. Table 12 shows the characteristics of the part, as well as the printing parameters
that gave rise to it. It should be noted that, as with any other part, the laser power and

layer height values were 300 W and 50 um, respectively.

Table 12 - Characteristics of the analysed part

Scanning | Spot | Hatch | Energy | Energy
Speed | Size | Spacing | Density | Intensity

(mm/s) | (um) | (mm) | Jmm3 | J/mm2 (%) (HV)
800 130 0.15 50 22601.89 | 0.37 157.75

Porosity | Hardness

To carry out this analysis, the piece was again polished on diamond sandpaper at
a speed of 150 rpm and then attacked with 2% Nital. This attack was repeated a few times
until the part's microstructure was revealed. The part was then observed using a Zeiss

Axioplan 2 microscope and images were captured for later evaluation.
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3.6.4 Influence of printing parameters on final part quality

One of the aspects that was considered important to evaluate was the direct
influence that each printing parameter has on the final result of the pieces. The parameters
in question are scanning speed, spot size and hatch spacing. Whereas energy density and
energy intensity are also criteria to be taken into account, since they are implicit as they
relate to all the parameters mentioned above. The influence of the parameters laser power
and laser height were not analysed individually, since they were constant values for all
printed parts. As such, small samples of parts were selected from the 144 available in
which the difference within each sample was the change in the values of one printing
parameter, while the rest remained constant. The characteristic analysed and compared

was the roughness of the upper face of the parts.

In addition, a study of the dimensional accuracy of the inner hole in the part was
carried out. To do this, the hole height (middle of the arch to the base of the hole) was
measured using the digital caliper and its values recorded in an Excel file. Figure 34
presents the measured distance (represented by the orange arrow). Note that these values
are the average of three measurements. MATLAB was used to analyse the results and
generate a contour plot of hole height as a function of energy density and energy intensity,
allowing for visual identification of the optimal processing windows within the tested

parameters.

Initially, it was also intended to evaluate the part's exit angle, i.e. the angle that
connects the base of the cube with the printing plate, but when the parts were extracted,

this angle was damaged, so it was not possible to carry out this analysis.

Figure 34 - Measured distance (hole height)
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3.6.5 Roughness measurements

In order to assess the roughness of the upper face of the parts, the “LV-50”
machine was selected. On this machine, roughness was measured using the contact
method instead of the optical method. Although the latter is a much less invasive method
for the part, much faster and capable of generating a 3D map of the surface, it could not
be the method selected, since most of the parts have a medium/high roughness, with deep
peaks and valleys, which could generate shading, i.e. the light would not be able to reach

certain regions.

It should be noted that for each piece, three roughness measurements were taken
on the top face in the longitudinal direction and another three measurements in the
transverse direction. This data is then processed to calculate the roughness parameters,
namely Ra (average roughness). The initial idea was to measure the roughness of all 144
pieces, but it immediately became clear that this would not be possible, as it is a very
time-consuming and expensive process. As such, pieces with different roughness visible
to the naked eye were chosen. One with very high roughness, one with low roughness and
one with low/intermediate roughness, in order to draw some conclusions for the rest of

the sample.
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4. Analysis and Discussion

This chapter will analyse all the work done in chapter 3, discussing the results
obtained.
4.1 Iron powder analysis

4.1.1 Particle morphology analysis

Figures 35 and 36 show the SEM images obtained using the Phenom XL machine.

Figure 36 - Image 2 SEM of iron powder
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As the images represent different regions, it makes sense to compare the results
in a consolidated way to get an overview of the shape of the particles. Bar charts were
created to combine the information from the different images. The circularity and aspect
ratio distributions for all the particles in the sample are shown by the histograms in

Figures 37 and 38, respectively.

Distribution of Particle Circularity

Number of Particles
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Figure 37 - Distribution of particle circularity

It is helpful to compute certain descriptive statistics for circularity and aspect
ratio, such as the mean, standard deviation and median, in addition to the bar charts. The
data on Tables 13 and 14 show how they differ in shape as well as a quantitative

understanding of particles' average shape.

Table 13 - Circularity statistics

Circularity statistics
Average 0,613
Standard deviation | 0,166
Median 0,627
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Distribution of Particle Aspect Ratio
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Figure 38 - Distribution of particle aspect ratio

Table 14 - Aspect ratio statistics

Aspect ratio statistics
Average 2,032
Standard deviation | 1,576
Median 1,724

After analysing the circularity and aspect ratio statistics, it can be concluded that
the average is around 0,62 and 2,03, respectively. These values shows that there is a large
percentage of particles that are more irregular in shape, i.e. further away from a perfect
sphere. These results are in line with what can be seen in figures 31 and 32, where it 1s
possible to see a sample with irregular particles and several aggregated satellites. These
are typical characteristics of the water atomization method, as seen in the literature review
in figure 6 b). The manufacturer of the powder corroborates these statements, since the
powder's technical data sheet states that this is indeed the method used to produce this

material [82].

For the same sample, during the microscopic analysis, EDS allowed to identify
the chemical composition of the powder which, as expected, is basically iron, which
corroborates the purity of the metal and the absence of oxidation. The percentage of iron
present was over 99.5%. The rest was divided among the elements manganese, carbon,

oxygen, sulphur, etc.
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4.1.2 Particle size analysis

The graph presented in Figure 39 shows the particle size distribution.

Particle size distribution

20
18
16

12
10 I I
o> Ao Qv © v & QS o4

ﬁ/b‘ \ :))q \ f’)q’ \ /b")) \ f\% \ 9’1/ \ N\'Q \ '\,’))03 \ ,,)QO’ v
g \eJ \ > N 5 ; ; 7
Q\Q bf\)’ /\\ \b ?‘ (o?‘ ® NY

2 > o @ A o >

Volume (%)
[ole]

oON PO

Particle size (um)

Figure 39 - Particle size distribution

Other interesting data from this particle size analysis is presented in Table 15, in

order to better understand its distribution.

Table 15 - Particle size statistics

Average 80,32 ym
Standard Deviation 35,60 um
Median 76,88 um
d10 40,74 um
ds50 76,88 um
d9o 122,70 um
Coefficient of Variation | 44,32%
Skewness 1,023

After analysing this statistical data on particle size distribution, it can be said that
the average particle size is 80,32 um with a standard deviation of 35,60. The high value
of coefficient of variation (44,32%) and positive asymmetry (skewness of 1,023) indicate
a broad distribution, with many small particles and some larger ones, i.e. there is a

considerable variation in particle size.
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The fact that this is not a uniform distribution could be a negative factor when 3D

printing this metal powder, as it could make it difficult to form a uniform, dense powder

layer when printing. It can also increase unwanted porosity in the final product.

Table 16 compares the values obtained experimentally with those supplied by the

manufacturer (Rio Tinto) for the percentile distribution of particle size.

Table 16 - Comparison of values of particle size distribution

Experimental values | Theoretical values
d10 40,74 pm 15 um
d50 76,88 um 30 pm
d9o 122,70 um 45 pm

The values obtained experimentally are much higher than those announced by the

manufacturer Rio Tinto and there are several possible reasons for this. Over time, iron

powder particles can aggregate or form agglomerates due to humidity, oxidation or

electrostatic interactions. This increases the apparent size of the particles measured. In

addition, the manufacturer's analysis may have included measures to disperse the

particles, which would have decreased aggregation.

However, the results might not accurately represent the distribution if a

heterogeneous sample was used. The d10, d50, and d90 values provided by the

manufacturer might be an idealized distribution or average that was produced under

carefully monitored conditions and might not accurately reflect variability in the real

world. Manufacturers may also use trimmed data (excluding outliers) or normalized

distributions to present the powder as having a narrower size range.

57



58

Development of Pure Iron L-PBF Parameters for Biomedical Applications
4.2 3D printing

This section details the results and respective critical analyses of the printed

pieces, always trying to relate them to the printing parameters.

4.2.1 Influence of printing parameters on porosity

Porosity is one of the most important aspects, if not the most important, to analyse.
This is because, first and foremost, the part has to be as dense as possible, which will give

it the lowest possible porosity, ideally close to 0%.

To this end, initially it was studied how each printing parameter influences
porosity. The graph presented in Figure 40 shows the relationship between scanning

speed and porosity.

Relationship between Scanning Speed and Porosity
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Figure 40 - Relationship between Scanning Speed and Porosity
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After analysing the graph, it is clear that the lowest speed (500 mm/s) induced the
greatest porosity in the parts. Lower speeds generate greater heat input into the parts, due
to the excess energy deposited, which can lead to the formation of unstable cavities
(porosity). As the speed increases, between 600 and 800 mm/s, porosity achieves the best
results, reaching its minimum values. As the speed continues to increase up to 1000 mm/s,
porosity increases again because at very high speeds, the laser moves so quickly that there
isn’t enough time for the material to fully melt and fuse due to the reduced energy input
[83]. Figure 41 shows one part produced at 500 mm/s (left) and one part produced at 800
mm/s (right).

Figure 41 - Scanning speed effect on porosity
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The graph presented in Figure 42 shows the relationship between spot size and

porosity.

Relationship between Spot Size and Porosity
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Figure 42 - Relationship between Spot Size and Porosity

It is possible to relate the increase in spot size to the increase in porosity. The
pieces with the highest porosity values have in common the maximum spot size value for
this study (170 um). This can be explained by the fact that the size of the beam directly
influences the distribution of energy and the dynamics of fusion. A larger spot size means
that the same laser power is distributed over a larger area. This can reduce the energy

intensity, resulting in incomplete fusion and porosity formation due to lack of fusion.

Regarding the hatch spacing and energy density parameters, it was not possible to

find a direct relationship between them and their influence on porosity.

In order to analyse the influence of the parameters as a whole and to find the
optimum window of these parameters that results in parts with porosity of less than 1%,
the contour plot in Figure 43 shows the porosity of the 144 parts as a function of energy
density and energy intensity. Note that the yellow areas on the graph may represent parts

with porosity greater than 2%.
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5 Contour Plot of Porosity as Function of Energy Density and Energy Intensity
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Figure 43 - Contour plot of Porosity as function of Energy Density (J/mm?) and Energy Intensity
(W/mm?)

After an analysis of the contour plot, it can be seen that there are several regions
of the graph that represent parts whose density is greater than 99%, i.e. parts whose
porosity is less than 1%. The region that stands out the most is undoubtedly the one
between 51 and 54 J/mm? of energy density. It should be noted that there are good results
for any energy intensity value, which proves that spot size is not a determining factor in
obtaining parts with high density. In addition to this region, there are also two areas that

stand out, those between 58 and 63 J/mm’.
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4.2.2 Influence of printing parameters on hardness

The statistics of the hardness tests carried out on the 144 parts are shown in Table 17:

Table 17 - Hardness statistics

Average (HV) 149 HV
Standard Deviation (HV) | 7.57 HV
Median (HV) 148 HV
Coefficient of Variation | 5.07 %
Min Value (HV) 116
Max Value (HV) 168

These results are promising in that they correspond to the hardness obtained by
other studies carried out on pure iron made by this 3D printing method with similar

printing parameters, such as the work of Palousek et al. [84] and Pavel Lejcek et al. [85].

One of the major concerns in this field of study is the mechanical properties
conferred on pure iron parts by this printing method. Above all, for this material to be a
good candidate for a bone implant, it needs to have good properties, especially very high
density, which gives the parts as little porosity as possible [86], and considerable hardness
so that the implant doesn't suffer from premature corrosion or mechanical failure [83].
For this purpose, an acceptable hardness is considered to be above 145 HV [84,85]. The
contour plot in Figure 44 shows the hardness of the parts as a function of energy density
and energy intensity. These parameters, as has already been mentioned several times,

include all the variable printing parameters.
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Contour Plot of Hardness as Function of Energy Density and Energy Intensity
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Figure 44 - Contour plot of Hardness as function of Energy Density (J/mm?) and Energy Intensity
(W/mm?)

Analysis of the contour plot shows that most of the parts resulted in a hardness of
over 145 HV, specifically 83.45%. These hardness values are recorded mainly for the
energy density range between 45 and 59 J/mm?®. As far as energy intensity is concerned,
this is not a factor that has a significant influence on the density of the parts, so

consequently neither is the spot size parameter.

As the energy density is the most influential factor, attention is focused on the
scanning speed and hatch spacing parameters [87]. The latter did not reveal a pattern of
direct influence on hardness. However, an interesting conclusion can be drawn from the
graph relating the scanning speed parameter to hardness. The graph is shown in Figure
45.
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Relationship between Scanning Speed and Hardness
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Figure 45 - Relationship between Scanning Speed and Hardness

It can be seen that the lowest hardness values are associated with the lowest speed
(500 mm/s). As the speed increases, the hardness also tends to increase until it reaches its
maximum value of 168 HV for a speed of 800 mm/s. As the speed continues to increase,

the hardness decreases slightly, but almost always remains higher than 145 HV.
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As mentioned earlier, the mechanical properties density and hardness are highly

impacted by the porosity of the parts [88]. The graph in Figure 46 shows the relationship

between hardness and porosity.
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Figure 46 - Relationship between Hardness and Porosity

Although there is no linear relationship between the two quantities, it should be
noted that the parts with the highest hardness are also the parts with the lowest porosity.
This makes sense, since parts with lower porosity tend to have more compact and resistant

structures, with fewer pores, which leads to a higher hardness value.

Since these are the most important characteristics to take into account, it is
advisable to analyse the two contour plots depicted in Figures 43 and 44. The best
candidates for bone implants will then be the parts that correspond to the optimum region
of the overlap between the two contour plots. Therefore, the parts with the best
mechanical properties, essential for implementation in the biomedical field, are those

whose energy density is between 51-54 J/mm? and 58-63 J/mm?.
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4.2.3 Microstructure results

Figures 47 and 48 show the microstructure of part number 108 at 10x and 20x

magnification, respectively.

Figure 47 - Microscope image, 10x magnification

Figure 48 - Microscope image, 20x magnification

The microstructure of the pure iron part produced by the L-PBF process is

composed of coarser and finer grains with distinct grain boundaries. A characteristic of
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materials processed by this method is the random arrangement of the grains, something
that can be clearly seen in these two images. The microstructure is not homogeneous;
grain sizes vary considerably. Furthermore, there is no discernible transition between
successive printing layers. The black dots in the images indicate microporosity, where the
larger irregularly-shaped dots resemble a type of porosity called keyhole and the smaller
circular dots are the result of trapped gases. They could also be oxide inclusions. These
results are considered satisfactory as they are in line with the study carried out by David
Palousek et al. [84] where they present very similar results in terms of microstructure for

pure iron parts produced by the selective laser melting (SLM) process.

4.2.4 Influence of printing parameters on the dimensional accuracy
of the inner hole

The graphs relating the different printing parameters to the dimensional accuracy
of the inner hole are shown below. The first graph is shown in Figure 49 and presents the

influence that the spot size has on the hole height.
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Figure 49 - Relationship between Spot Size and Hole Height
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Analysis of the graph shows that as the spot size increases there is a tendency for
the height of the internal hole to approach the designed value (4 mm). According to the
energy intensity equation (2), which relates laser power with spot size, this improved
dimensional accuracy with increasing spot size indicates that the parts with the best results
are those produced with a lower energy intensity. This is due to the fact that a larger spot
size for the same power results in less localized and smoother melting, with less risk of

effects such as balling or excessive melting at the edges.

The graph shown in Figure 50 shows the influence that the hatch spacing has on
the hole height.

Relationship between Hatch Spacing and Hole Height
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Figure 50 - Relationship between Hatch Spacing and Hole Height

After analysing the graph, it should be noted that, in general, the hole height
increases as the hatch spacing value increases. According to the VED equation (1), this
implies that the best results are associated with a lower energy density. This can be
explained by the more homogeneous and less overlapping way in which the heat is
distributed, reducing the risk of generating multiple fusion regions, which end up creating

small protrusions of accumulated dust that obstruct the hole.
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The contour plot shown in Figure 51 gives the hole height as a function of

energy density and energy intensity.
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Figure 51 - Contour plot of hole height as function of Energy Density (J/mm?®) and Energy
Intensity (W/mm?)

This contour plot, which shows the results of the hole height as a function of all
the printing parameters studied, supported by the two energy equations, corroborates the
analyses made in the two previous graphs. In other words, the parts with the lowest energy
intensity and energy density values (orange on the graph) have a better internal hole
quality, i.e. with a height closer to the desired 4 mm. The regions that stand out the most
are those corresponding to energy density ranges between 70-73 J/mm?® and below 53

J/mm?.

These horizontal regions on the graph indicates that the energy intensity has less
influence on the size of the hole. Since the laser power is constant, the energy intensity
only depends on the spot size parameter, so the spot size is not one of the most
determining factors for dimensional accuracy. Therefore, energy density is the most

important factor, so the key is to balance scanning speed and hatch spacing (since laser
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power and layer height are constants) to achieve the right energy density, ensuring
adequate melting without over-melting or under-melting. However, the hatch spacing
parameter has a greater influence on the size of the internal hole when compared to the
scanning speed, as can be seen in Figure 52. There is no direct relationship between
scanning speed and hole size, only that the best results correspond to the lowest speed
(500 mm/s). As the speed is lower, the laser stays longer in the same area, delivering more
energy per unit length, which results in a more complete fusion of the powder, forming

layers with better geometric definition.
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4.2.5 Roughness measurements

The results obtained from roughness measurements of the top face of the parts

using the contact method are shown in Table 18.

Table 18 - Roughness results

Part Number | Average Roughness (um) | Standard Deviation (um)
76 18,93 2,91
137 20,11 1,88
121 27,1 2,98

Figure 53 shows the microscope images that were captured using the Olympus
SZ-ET microscope at 12x magnification, from part 76, which has the lowest roughness

values, to part 121, which has the highest roughness values.

Figure 53 - Increasing roughness values, from left to right

Firstly, note that the roughness results are approximately 4x higher than those
announced by the manufacturer (see table 9 general process data). This could be due to
differences in printing conditions, from the printer or the different printing parameters

selected, or even due to the dimensional differences found in the iron powder.

The surface roughness was greatly impacted by the printing parameters, as

evidenced by the Ra values, which range from 18.93 um (Part 76) to 27.1 um (Part 121).
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The standard deviations show the variability of roughness measurements for each part,
ranging from 1.88 pm (Part 137) to 2.98 um (Part 122). While Part 121 has the highest
Ra and the most variability, which could be a sign of uneven melting or irregularities in
the printing process, Part 137 has the most consistent surface (lowest standard deviation),

indicating more uniform roughness across the measured areas.

Given that Part 76 has one of the smoothest surfaces and Part 121 has one of the
roughest surfaces of all the parts in the sample, the results provide insight into the likely
extreme roughness values for the entire batch of 144 parts. Based on the observed
averages and deviations, the roughness range for the entire sample is estimated to be

between 16 um and 30 pm.

These conclusions could be improved with a larger data set, which would also
help indicate the exact parameters that influence the smoother or rougher surfaces on all
parts. However, the next subchapter evaluates the influence of each parameter on the

roughness of the top face of the part by directly comparing the printed parts.
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4.2.6 Influence of printing parameters on surface roughness

e Hatch Spacing effect on roughness

Figure 54 shows the evolution of surface roughness with increasing hatch spacing.

Parild | “wm Part 122 Part 123 - _
Hatch Spacing = 0,09 mm Hatch Spacing = 0,1 mm Hatch Spacing = 0,11-mm

Part 124 : Part 125 Part 126 :
Hatch Spacing = 0,12 mm Hatch Spacing = 0,13 mm Hatch Spacing = 0,14 mm

Figure 54 - Hatch spacing effect on cube’s upper face

An analysis of Figure 50 shows that the surface roughness improves as the hatch
spacing increases. Comparing the pieces corresponding to the extreme values of hatch
spacing, pieces 121 and 126, with hatch spacing of 0.09 and 0.14 mm respectively, it can
be seen that piece 121 has a very uneven surface with several valleys and sharper peaks.
These defects disappear over the course of the different images, until part number 126 is
reached, which shows a much more uniform surface with fewer irregularities, where it is

even possible to see the print direction lines perfectly (Figure 55).
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Figure 55 - Visible printing direction lines

These results can be explained by the fact that adjacent laser tracks overlap more
when the hatch spacing is narrow. Due to this overlap, there is a higher local heat input,
leading to higher likelihood of uneven melting or re-melting and greater surface
roughness due to the creation of irregularities like spatter or balling [83]. On the other
hand, if the hatch spacing is larger, adjacent laser tracks overlap less, generating lower
localized heat input and more uniform cooling and solidification across the entire surface,

resulting in a smoother top surface.
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e Scanning speed effect on roughness

Figure 56 shows the evolution of surface roughness with increasing scanning
speed.

Part 25 bt :
Scanining Speed = 500 mm/s

Part 49° : : Part 73
Scanning"Speed = 600 mm/s Scanning Speed = 700 mm/s

Part 121 Foe S
Scanning Speed = 900 mm/s Scanning Speed = 1000 mm/s

Part 97 7
Scanning Speed = 800 mm/s

Figure 56 - Scanning speed effect on cube’s upper face

After observing Figure 51, it can be concluded that the parts with the best
roughness are parts 25, 49 and 73, with scanning speed values of 500, 600 and 700 mm/s,
respectively. Parts 97, 121 and 1, with scanning speed values of 800, 900 and 1000 mm/s,
respectively, have much more irregular surfaces on the upper face and more pronounced
roughness. It should be noted that as the scanning speed increases for these last three

parts, these defects become more noticeable.

Since the laser moves more slowly at lower speeds (500—700 mm/s), the melt pool
has more time to stabilize and smooth out irregularities. This results in a surface that is
more uniform. When the laser travels too fast for the molten material to flow and settle

uniformly, the melt pool shrinks and becomes less stable at higher speeds (800—1000
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mm/s). This increase in speed can limit the size of the molten pool and the depth to which
it penetrates, as well as the rate at which adjacent scanning tracks overlap, leading to
valley defects and elevating Ra [89]. Rougher surfaces are the result of irregular

solidification caused by increased turbulence triggered by this rapid motion.

It is important to note that for the energy density values to remain practically
unchanged for all these parts as the scanning speed values increase, there has to be an
adjustment in the hatch spacing values, i.e. to keep the energy density the same, the
scanning speed and hatch spacing values have to be inversely proportional (see equation
(1)), as one increases, the other has to decrease. This also proves the results observed in
Figure 54, because from part 25 to part 1, the hatch spacing values decrease, which leads

to an increase in roughness.

In conclusion, at lower speeds (500-700 mm/s), the melt pool remains stable, with
enough time for the material to flow and solidify evenly [90], which means that to obtain
good roughness on the top face, the optimum range for scanning speed would be around
500-700 mm/s. However, parts produced with 500 mm/s scanning speed showed more

promising results.
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e Spot size effect on roughness

Figure 57 shows the evolution of surface roughness with increasing spot size.

Tl - Part127 |
Spot Size = 110 pm Spot Size =130 um

" Part 133 , Part 139" *
Spot Size = 150 um Spot Size = 170 pm

Figure 57 - Spot size effect on cube’s upper face

It can be seen that the roughness of the top face of the cubes improves as the spot
size increases. This is especially noticeable when comparing the extreme results, piece
number 121 with a spot size of 110 um, which has a very uneven face, with piece number
139, with a spot size of 170 um, where it is possible to see a much flatter and more

uniform surface.

According to equation (2), which relates energy intensity to laser power and spot
size, for lower spot size values (while maintaining the same laser power) the energy
intensity will be higher, which could cause excessive melt pool agitation, balling effects,

or localized overheating, resulting in rougher surfaces. On the other hand, the laser energy
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is dispersed over a wider area with a larger laser spot size (lower energy intensity),
creating a wider heat-affected zone, which allows the molten material to flow and settle
evenly before solidification. As a result, there are fewer "spikes" in energy density or

localized overheating, which can result in uneven melting and splattering.

Furthermore, greater spot sizes enhance scan track overlap, reducing uneven
fusion and unfused particles that cause rough surfaces. Also, they reduce the prominence

of loose particles by sintering more surrounding powder particles.



Development of Pure Iron L-PBF Parameters for Biomedical Applications
5. Conclusion and Future Perspectives

This thesis allowed the exploration of a broad and complex topic, such as 3D
printing in the biomedical field. However, the extensive research carried out for this
dissertation has provided a comprehensive perspective on various subjects, including
bone composition, additive manufacturing, the Laser Powder Bed Fusion process and
bone scaffolds. Based on this knowledge, it was possible to carry out a more complete

and reliable analysis of the experimental results.

This work consisted of 2 main stages: firstly, the analysis of the used material, in
which the iron powder was subjected to SEM and DLS analysis in order to obtain a
morphological and dimensional characterization of the particles; the second stage
consisted of evaluating 144 pieces of this printed material using the L-PBF process, in
which the main objective was to study and analyze the influence of the printing
parameters on the mechanical properties and effects on the geometry of the pieces. To
this end, the factors studied were porosity, hardness, microstructure, the dimensional
quality of the internal hole in the parts and the roughness of the top face of the parts. The

results can be described as:

e After analysis of SEM images, the circularity and aspect ratio averages are around
0,62 and 2,03, respectively. These values shows that there is a large percentage
of particles that are more irregular in shape, i.e. further away from a perfect

sphere, typical from water atomized method;

e DLS revealed that the powder particles have approximately 2.5x the size of the

ones presented in manufacturer data;

e The porosity study shows that the best results, i.e. the parts with the least porosity
(density equal to or greater than 99%) correspond to those whose energy density
is between 51-54 J/mm® and 58-63 J/mm?®. The parameter with the greatest
influence was scanning speed, where the best results correspond to parts whose

values are between 600-800 mm/s;

e The parts had an average hardness of 149 HV, which are promising results, since
the part needs to have considerable hardness so that the implant doesn't suffer
from premature corrosion or mechanical failure. The best results correspond to

parts printed with lower energy densities (45-59 J/mm?). Given that the most
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important properties when printing these potential bone implants are their density
and hardness, it is clear that the energy density ranges 51-54 J/mm? and 58-63

J/mm? are the ones to focus on.

e The microstructure of the printed parts is not homogeneous; grain sizes vary
considerably. Furthermore, there is no discernible transition between successive

printing layers;

e The dimensional accuracy of the inner hole showed the best results, i.e. the least
accumulation of dust, for parts with energy densities between 70-73 J/mm3 and
below 53 J/mm3. The printing parameter with the greatest impact on hole height
was hatch spacing, with the height approaching the desired value as hatch spacing

increased.

e Regarding the roughness of the upper face of the parts, it was found that this
decreases with increasing hatch spacing; it increases with increasing scanning

speed and decreases with increasing spot size.

e Overall, it was found that energy density was a determining factor in obtaining
good results, unlike energy intensity, which did not have a strong influence. This
leads to the conclusion that the spot size parameter may be the one that has the
least direct impact on the mechanical properties of the parts and their changes in

geometry.

It would be of great interest to have the opportunity to analyze the roughness of
all the printed parts, as this would provide values for a large sample and the results would
be more reliable. The main aim of the project, which will certainly remain the same, is to
continue optimizing the printing parameters in order to obtain parts with the desired
mechanical properties for this biomedical field, essentially high-density parts with
sufficient hardness to withstand wear and tear. In addition, the design of the parts must

always progress in order to obtain the desired cellular structures in the future.

This subject has many topics that were not covered experimentally during this
dissertation, but it would be very interesting to study them in the future, such as in-depth
research into the biocompatibility of pure iron with the human body and its resistance to

corrosion.
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