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‘Living is facing one problem after another. How you

face it is what makes the difference.”

— Benjamin Franklin
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Resumo

Ligas biocompativeis de Ti puro, Ti-6Al-4V ELI e Ti-39Nb foram produzidas por Fusdo a
Laser em cama de pé com geometrias macigas, gyroids e Voronoi, seguidas de caracterizagédo
microestrutural e mecanica. Os resultados mostraram que a liga Ti-39Nb tem maior ductilidade
e um modulo de elasticidade mais proximo do osso cortical (E = 77 + 2 GPa , Omax = 754 + 18
MPa, emax = 19 = 3 %) apresentando elevado potencial para reduzir o efeito de blindagem de
tensdo em implantes ortopédicos, enquanto o Ti-6Al-4V revelou maior rigidez (E = 109 £ 1 GPa,
Omax = 1165 £ 53 MPa, emax = 10 £ 1 %) e resisténcia mecanica com menor comportamento ductil.
As geometrias gyroids demonstraram melhor desempenho do que as Voronoi, sugerindo maior

potencial para aplicagdes biomédicas.

Palavras-chave: Manufatura Aditiva, Fusdo a Laser em Cama de P9, Ligas de Titanio,

Estruturas Porosas, Implantes Ortopédicos.
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Abstract

Biocompatible alloys of pure Ti, Ti-6Al-4V ELI, and Ti-39Nb were produced by powder bed
laser melting with solid, gyroid, and Voronoi geometries, followed by microstructural and
mechanical characterization. The results showed that the Ti-39Nb alloy has greater ductility and
a modulus of elasticity closer to that of cortical bone (E =77 + 2 GPa, Omax = 754 + 18 MPa, €max
=19 £ 3%), showing high potential for reducing the stress shielding effect in orthopedic implants,
while Ti-6Al-4V revealed greater stiffness (E = 109 + 1 GPa, Omax = 1165 + 53 MPa, €max = 10 £ 1
%) and mechanical resistance with less ductile behavior. Gyroid geometries demonstrated better

performance than Voronoi ones, suggesting greater potential for biomedical applications.

Keywords: Additive Manufacturing, Laser Powder Bed Fusion, Titanium alloys, Porous
Structures, Orthopedic implants.
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Chapter 1

Introduction

This chapter introduces the topic of this thesis by explaining its motivation, defining the research
problem, and outlining the key objectives that directed the development of the proposed solution. In

addition, it provides a concise overview of the thesis structure and organization.
1.1. Motivation

One of the main reasons for the growing demand for advanced solutions in the field of materials
and biomaterials stems from the need to improve the quality and longevity of medical implants. Despite
the widespread use of the Ti-6Al-4V alloy, it has limitations, such as the significant difference between
its modulus of elasticity and that of human bone, leading to stress shielding phenomena and
compromising long term bone integration. Beta (B) titanium alloys, particularly those of the Ti-Nb
system, emerge as a promising alternative due to their high biocompatibility, corrosion resistance and
mechanical properties closer to those of bone tissue. The application of additive manufacturing
technology, namely Laser Powder Bed Fusion (L-PBF), also allows the development of complex
geometries and biomimetic structures, enabling customized implants that promote bone regeneration
and integration. Thus, the study of these alloys is of high scientific and technological relevance,
contributing to significant advances in the field of biomedical engineering, which is what motivated this

master’s thesis.
1.2. Problem statement

Functional impairment of tissues is the main cause that forces thousands of patients to resort to
implants. This factor can be triggered by various causes such as trauma or accidents, degenerative
diseases, ageing, among others. It is estimated approximately 116.900 hip procedures and
approximately 134.650 knee procedures according to the 2024 report from the UK National Joint
Registry (National Joint Registry, 2024). The main problem underlying the application of orthopedic
implants is called stress shielding and occurs when the rigidity of the implant is much greater than that
of the adjacent bone, causing it to deviate and reduce the mechanical loads that would normally be
supported by the bone. This causes the bone to lose mechanical stimulation and resorb (Wolff's law),
leading to a decrease in bone density. Implant loosening may occur over time requiring revision surgery,
where the chances of success are less than a normal surgery (Akhtar et al., 2025).To tackle this
challenge, the current work investigates the effect of different engineered porous structures on the
microstructural and mechanical characteristics of biocompatible and commercially available titanium
alloys and a beta Ti-Nb alloy, which has a lower Young's modulus than the traditionally used Ti-6Al-4V
alloy. The materials are processed by laser powder bed fusion (L-PBF). With the aim of reducing implant

stiffness and promote a more favorable osseointegration, two geometries (Voronoi and gyroid) with
1



three different levels of porosity (50%, 65% and 75%) were studied.
1.3. Research objectives

The main objective of this work is to study the microstructural and mechanical characteristics of
biomedical titanium alloys produced by laser powder bed fusion (L-PBF) with engineered porous
structures. Three biocompatible materials are considered: commercially pure Ti (Grade 2), Ti-6Al-4V
ELI (Grade 23), and Ti-39Nb. The work focuses on bulk, gyroid and Voronoi geometries, with the aim
of improving biomechanical compatibility for potential implant applications. The specific objectives of

the study are:

o Design of engineered porous structures: Develop cylinders with gyroid and Voronoi unit cells.

e Evaluation of feedstock powders: Characterize the metallic powders used as raw materials in
L-PBF.

e Production of bulk and porous materials: Manufacture cylindrical specimens of pure Ti, Ti-6Al-
4V ELI and Ti-39Nb alloys using L-PBF with bulk and porous geometries.

¢ Microstructural and mechanical characterization: Analyze the microstructure and mechanical
properties (stiffness, tensile and compressive strength) and potential biomechanical

compatibility of the materials and geometries.

1.4. Document organization

This thesis is structured into five chapters, each addressing specific aspects of the research in a
logical and coherent sequence. Chapter 1 introduces the work by presenting its motivation and scientific
relevance, outlining the problem to be addressed, and establishing the objectives that guided the study.
It also provides a detailed explanation of the scope and structure of the thesis, clarifying how the

chapters are interconnected.

Chapter 2 presents a literature review, covering the theoretical and scientific background
necessary to contextualize the research. Emphasis is placed on Ti alloys, with a focus on the B-Ti alloys
and the specific case of the Ti-Nb system manufactured by L-PBF. Furthermore, this chapter includes
a comparative analysis between the characteristics of cortical bone and Ti-6Al-4V, Pure Ti, and Ti-39Nb

alloys, as well as a discussion on porous and lattice structures designed for biomedical implants.

Chapter 3 describes the materials and methodologies adopted in the experimental phase. It
includes the preparation of samples for subsequent analyses, the design of test geometries, and the
fabrication process through additive manufacturing. Emphasis is given to ensuring methodological rigor,
reproducibility, and alignment with the objectives established. Description of the experimental
techniques employed for the characterization of the materials are included into this chapter. This
includes both microstructural analysis techniques (optical microscopy, scanning electron microscopy
and X-ray diffraction) and mechanical testing procedures, with an explanation of the principles behind

each technique and the justification for their selection.



Chapter 4 presents and discusses the results obtained throughout the experimental work. The
findings are analyzed in detail and interpreted considering the literature review presented in Chapter 2,
allowing a critical comparison with previous studies. The discussion highlights both the achievements
of the study and its limitations, identifying possible reasons for deviations and outlining their
implications.

Chapter 5 summarizes the main conclusions derived from the research. This chapter highlights
the contributions of the thesis to the field of Biomedical Engineering, emphasizing the scientific and
practical significance of the results. Additionally, it outlines perspectives for future works, suggesting
possible directions for continued research.



Chapter 2

Literature Review

This chapter presents the research undertaken to establish theory foundation and to inform the
experimental work of this thesis. It critically examines existing knowledge in the field while highlighting

key insights and potential avenues for future investigation.
2.1. Beta Ti alloys

Titanium alloys consist of a material composed mainly of Ti with the addition of chemical elements
to improve specific properties, depending on the purpose of the application (Nadammal et al., 2022; L.-
C. Zhang et al., 2023). The Ti alloys present two main crystalline phases: the alpha (a) phase and the
beta (B) phase, the latter being specifically important for biomedical applications (R. L. Batalha et al.,
2022; L.-C. Zhang et al., 2023).

The B-phase in pure titanium is the body-centered cubic (BCC) crystal structure stable at
temperatures above 882°C, which is the so-called B-transition temperature (Nadammal et al., 2022;
Rehman et al., 2023). Below this temperature, the structure of pure Ti undergoes a structural change,
moving from the high temperature B phase to the lower temperature a phase with hexagonal close-
packed (HCP) crystalline structure (Nadammal et al., 2022; Rehman et al., 2023). In the B phase, the
atoms are organized in such a way that there is an atom in the center of the cube and an atom at each
vertex of the cube of the BCC structure. This organization allows for the formation of different sliding
planes (surfaces where the atomic layers can slide over each other), making it possible to respond
adaptively to applied stresses (Zou et al., 2024a). When faced with cyclical loads, the planes rearrange
and dissipate localized stresses, reducing their accumulation at specific points (Zou et al., 2024a). The
beta phase in titanium alloys have several advantages for applications that require a balance between
flexibility and strength (such as orthopedic implants) as illustrated in Figure 2.1 (Nadammal et al., 2022;
Rehman et al., 2023; L.-C. Zhang et al., 2023; Zou et al., 2024a).

Beta-Ti alloys have greater ductility and malleability compared to a-Ti alloys, making them easier
to deform plastically and to be molded into complex geometries without losing their structural strength
(L.-C. Zhang et al., 2023; Zou et al., 2024a). Furthermore, this type of alloy has a modulus of elasticity
(or Young's modulus) significantly lower than the a-Ti alloys and closer to that of cortical bone, which
significantly reduces the effects of stress shielding and thus improves bone integration (L.C. Zhang et
al., 2023).
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Figure 2.1 - Schematic phase diagram of titanium alloys representing the relationship of phase
stabilizer additions and biomedical components (Marin & Lanzutti, 2024).

Although the B phase in Ti alloys has coveted characteristics for biomedical applications, this
phase is not naturally stable at room temperature in pure Ti. Therefore, to ensure that the B-phase
remains stable and has its advantageous properties under this condition, specific elements called B-
stabilizers must be added (as can see in Figure 2.2) (Zou et al., 2024a). This group of elements is
divided into two categories, strong p-phase stabilizers and moderate B-phase stabilizers (Zou et al.,
2024a). Strong B-phase stabilizers consist of elements such as niobium (Nb), molybdenum (Mo) and
tantalum (Ta) that reduce the B-transition temperature abruptly and allow the B-phase to be retained at
room temperature (as can see in Figure 2.3) (L.B. Zhou et al., 2021). Moderate B-phase stabilizers
consist of elements such as zirconium (Zr) and tin (Sn) which help to reduce the B-transition

temperature, but to a less extent (Kong et al., 2021a).

The addition of B-phase stabilizers Nb, Zr and Ta as alloying elements play specific roles in
stabilizing the B phase and optimizing mechanical and corrosion properties, as can be seen in Figure
2.2 (Nadammal et al., 2022; Rehman et al., 2023). Niobium (Nb) acts as a strong stabilizer of the 8
phase, lowering the transition temperature and allowing the alloy to retain this structure even at room
temperature. This gives the alloy greater flexibility and strength, suitable for withstanding dynamic loads
in implants (such as locomotion). Zirconium (Zr) acts as a moderate stabilizer of the 8 phase, improving
corrosion resistance without compromising the alloy's ductility. It also reduces the modulus of elasticity,
bringing it closer to cortical bone, which minimizes the stress shielding effect (Kong et al., 2021a, 2021b;
Moffat & Kattner, 2020.). Tantalum (Ta) strongly stabilizes the 8 phase and gives the alloy excellent
chemical resistance and biocompatibility. As it is inert, it helps protect the alloy against corrosion, which

is essential for the physiological environment (L.-B. Zhou et al., 2021).
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Figure 2.3 — Diagram of Nb content in Ti-Nb alloys(Bénisch, 2016.)

Titanium is a reactive metal with high affinity to oxygen and, therefore, a very stable layer of Ti
oxide (TiO2) forms in Ti-based alloys, which adheres perfectly to implant surfaces and prevents chloride
ions (CI) that are the main culprits in corrosion (L.-C. Zhang et al., 2023). In this way, it can be said to
have excellent resistance to corrosion. Furthermore, when beta-stabilizers are added in B-Ti alloys,
corrosion resistance is enhanced, especially when elements such as Nb and Ta are present, since they
form very stable oxides in the material surface that acts as an important protective barrier for corrosion,
contributing to the high chemical stability of the beta-Ti alloy, which consequently leads to improved
electrochemical resistance (Kong et al., 2021a; L.-C. Zhang et al., 2023; L.-B. Zhou et al., 2021).
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Compared to the Ti-6Al-4V alloy often used in medical implants, the Ti-Nb alloys have several
advantages. According to (Tardelli et al., 2024a), since toxic elements such as aluminum and vanadium
are not in the chemical composition of Ti-Nb alloys, they are more biocompatible. These alloys show
high resistance to corrosion and biocompatibility, essential factors for the durability of implants in the
human body without jeopardizing the patient's health (Tardelli et al., 2024a; L.-C. Zhang et al., 2023).
Furthermore, it has been reported that Ti-Nb alloys such as the Ti-39Nb has a modulus of elasticity of
44-89 GPa, which is closer to that of cortical bone (10-30 GPa) (Tardelli et al., 2024a).Therefore, the
Ti-39Nb, which is a well-known biocompatible alloy where beta phase can be obtained at room

temperature is investigated in the present work and compared to pure Ti and Ti-6Al-4V alloy.
2.2. Comparison of cortical bone with Ti alloys

The human body is made up of 206 bones, each of which is divided into two parts — trabecular
and cortical (Evans, 1980.). Cortical bone is the hard outer part of the bone structure and is mainly
made up of an organic matrix (type | collagen) and inorganic components (such as hydroxyapatite and
other minerals). It has a very viscoelastic structure (ability to deform and return to its place) and is
anisotropic (mechanical properties vary according to direction). In the field of medical implants, cortical
bones are used to compare the natural mechanical properties of bone with those of the artificial
materials used (mainly metallic) in implants (Y. Ma et al., 2024).

When human bones are healthy, its modulus of elasticity (or Young's modulus) varies between
10-30 GPa (Tardelli et al., 20244a; L.-C. Zhang et al., 2023). The most widely used Ti alloy is the Ti-6Al-
4V, which normally has a modulus of elasticity of 110 GPa, while the Ti-Nb alloys manufactured by L-
PBF has a modulus of elasticity between 44-89 GPa (L.-C. Zhang et al., 2023). On the other hand, the
tensile strength offered by cortical bone varies between 68-132 MPa, while the Ti-6AL-4V alloy has
values of around 960 MPa and the Ti-39Nb has values of between 670-770 MPa, as can be seen in
Table 2.1 (J. C. Wang et al., 2022; L.-C. Zhang et al., 2023).

Table 2.1 - Mechanical properties of cortical bone and Ti alloys (Adapted from Tardelli et al., 2024 and
L.C. Zhang et al., 2023).

Materials Manufacturing E (GPa) 0Omax (MPa) Emax (%)

Cortical Bone @ -—---—-- 10-30 68-132 -
Ti-6Al-4V L-PBF 110 941 10+1.2%
Ti-39Nb L-PBF 44-89 670-770 16.5+ 1.8%

In terms of biocompatibility, Ti-Nb alloys such as Ti-39Nb alloy have advantages over Ti-6Al-4V
due to the absence of toxic elements in its composition such as aluminum and vanadium. Furthermore,
the fatigue resistance of Ti-Nb is high enough to ensure long service life of the implants (R L Batalha et
al., 2022; Tardelli et al., 2024; L.-C. Zhang et al., 2023).

As for density, cortical bone has values ranging from 1.8-2.0 g/cm?, whereas Ti-6Al-4V is a

lightweight alloy with density of 4.5 g/cm3, while the Ti-39Nb alloy, after applying some porosity such
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as Voronoi or gyroid geometries, can reach a density very close to that of cortical bone (Huber et al.,
2021).

By analyzing the data, it is to be expected that Ti-Nb alloys have a better mechanical compatibility,
due to a modulus of elasticity closer to that of bone, being less prone to worsening levels of stress
shielding, combine with a higher level of biocompatibility, not only due to the absence of toxic chemical
elements but also the engineered porosity enable by the L-PBF process. The engineered porosity
makes it easier for cells to adhere to the surface, create a community and proliferate, which will
accelerate bone growth repair (L.-C. Zhang et al., 2023).

2.3. Laser powder bed fusion

Laser powder bed fusion (L-PBF) is a metal additive manufacturing (AM) technology that melts
metallic powders layer by layer using a fiber laser to produce complex parts, such as Voronoi or gyroid
geometries. The systems consist of a laser source that emits a beam with 50-1000 Watts. The laser
beam is directed by a galvanometer in such a way as to control its trajectory (Ibrahim et al., 2024). The
powder is spread onto the substrate by a recoater forming a powder bed, which is scanned by the laser
beam that melts the powder according to the cross-section of the CAD geometry. The platform is then
lowered by a pre-defined layer thickness (0.02-0.12 mm) in a closed chamber protected by argon,

nitrogen or helium, as can be seen in Figure 2.4.

The basic process parameters are laser power, scanning speed, layer thickness, hatching
distance, and scanning strategy (W. C. Batalha et al., 2023a). The process has several advantages,
such as manufacturing parts with a high level of complexity and resolution, allowing the creation of
functional parts with engineered porosities and with complex and personalized designs, without the
need for molds or tools. Furthermore, only the necessary amount of material to produce the part is
used, leading to minimum material waste. Therefore, L-PBF has emerged as an affordable
manufacturing route for small and medium-sized parts (Chowdhury et al., 2022; Oliveira et al., 2020).
On the other hand, it also has some disadvantages such as high equipment and material costs (in terms
of acquisition), low manufacturing production rate, low degree of reproducibility, the need for post-
processing, high residual stresses in the parts (due to rapid heating and cooling), limitations in terms of
the size of the parts that can be produced and the need for suitable facilities (due to operating in a
controlled environment) (W. C. Batalha et al., 2023a; Chowdhury et al., 2022; Oliveira et al., 2020;
Schulze et al., 2018; Sefene, 2022; Zou et al., 2024b).
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Figure 2.4 - A) Typical operation diagram of an L-PBF machine (Chowdhury et al., 2022); B) Common
process parameters in laser powder bed fusion (Oliveira et al., 2020).

2.4. Ti-Nb alloys produced by Laser Powder Bed Fusion

In the past five years, B-phase titanium alloys produced through Laser Powder Bed Fusion (L-
PBF) have gained increasing relevance within the biomedical field, representing a significant part of the
global study of beta phase Ti alloys, a trend that is clearly reflected in the accompanying graph with a
database from ScienceDirect platform, as can be seen in Figure 2.5.
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Figure 2.5 - Graph referring to the number of articles published in the last 5 years about Ti B phase
alloys in general and in biomedical field.

These alloys have attracted considerable attention for biomedical applications, mainly because
they offer a favorable combination of mechanical strength, low stiffness (elastic modulus) and excellent
biocompatibility, desirable characteristics for implants that minimize the stress shielding effect. The
Laser Powder Bed Fusion (L-PBF) additive manufacturing process allows to produce complex

geometries with high control of microstructure and associated high cooling rates, which are rare in
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conventional methods, paving the way for unique microstructures. The high cooling rate inherent to the
L-PBF process favors the solidification of the metastable § phase in Ti-Nb alloys refined cellular or
dendritic microstructure, although the presence of martensitic a" phase is often observed (Hafeez et al.,
2021). The Nb content plays a central role: high Nb values stabilize the B phase down to room

temperature, minimizing the formation of a".

Ti-Nb alloys produced by LPBF have demonstrated significantly lower Young's moduli than
conventional alloys such as Ti-6Al-4V, which favors mechanical adaptation to bone. (Stefan Pilz et al.,
2022), it was possible to achieve a modulus as low as 44 GPa along the build direction, while
maintaining a high yield strength of 674 MPa for a texture-controlled Ti-42Nb alloy. Comparisons of
tribocorrosion and microenvironmental behavior also show that Ti-Nb can form more stable oxides
(thanks to Nb), resulting in greater resistance to corrosion or tribocorrosion, which is useful in implants

exposed to body fluids/mechanical wear. (Akman et al., 2024) point to advantages in this regard.

In a recent example, (S. Pilz et al., 2024) studied a Ti-42Nb alloy manufactured by L-PBF, followed
by heat treatments in the a+f range at about 723 K, with different durations. With increasing treatment
time, the precipitation of a metastable orthorhombic phase (aiso") was observed, which serves as an
intermediate step to the stable a phase. These authors also show that the initial precipitation of aiso"
occurs preferentially at the boundaries of B grains, while nucleation is delayed inside the grains. With
long treatments, the volume fraction of aiso” approaches ~25 %. This has a direct impact on the stiffness
of the material: the elastic modulus increases as more a iso” and a appear. The as-built state of L-PBF
of Ti-Nb alloys already produced  microstructures with some residual stresses and elongated columnar
grains, showing crystallographic texture and, sometimes, micro-defects (small porosity, micro-
inclusions (S. Pilz et al., 2024). Moreover, the authors investigated the effect of heat treatment in the
mechanical properties of the Ti-42Nb alloy. The results showed that with increased treatment time, in
addition to the development of aiso”, there is a significant increase in hardness and strength (yield
strength and ultimate tensile strength) compared to the as-built state. For example, after 108 ks, the
yield strength reached 1060 MPa, an increase of 50 % compared to the initial state. However, this
increase in strength is accompanied by an increase in the elastic modulus, in the case of the same
study, up to 87 GPa which can mitigate the advantage of low stiffness typical of B alloys. Therefore,
there is a trade-off: post-treatment can improve strength but increase stiffness and it needs to be
optimized according to the application (e.g. parts that require higher strength or lower Young modulus

as close as possible to the bones’).

Previous works have reported the microstructure of a beta Ti-35Nb-7Zr-5Ta (TNZT) biocompatible
alloy produced by L-PBF (R. L. Batalha et al. 2022). The melt pools are observed in the image of Figure
2.6a, whereas a closer look shows the solidification structure in Figure 2.6b and 2.6¢. It is reported that
such structures are observed in additive manufacturing of metals because of the high cooling rates and
thermal gradients involved in the L-PBF process (Dwivedi, 2025; Terrazas-Najera et al., 2021;Herzog
et al., 2016).
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Figure 2.6 - SEM images of TNZT alloy produced by L-PBF (R L Batalha et al., 2022).

In addition to the classic L-PBF process parameters (laser power, speed, hatch spacing, layer
thickness), the scanning strategy (scanning direction, rotation between layers, chessboard pattern, etc.)
has a strong influence on texture, grain growth and pore distribution. (W. C. Batalha et al., 2023b)
compared three scanning strategies (Figure 2.7): unidirectional-Y, bidirectional with 79° rotation
between layers (R79), and chessboard (CHB). They observed that R79 and CHB scanning strategies
produced very high relative densities (> 99%) and more homogeneous pore distribution, while
unidirectional-Y scanning strategy tends to form pores aligned along the scanning direction.
Crystallographic texture in material produced with unidirectional-Y presented a strong fiber texture
(Figure 2.7c), while R79 showed a weaker texture (Figure 2.7a), CHB more random orientation and
equiaxial grains. Mechanical properties were tested, and the lowest Young's modulus was measured
for unidirectional-Y, while R79 showed higher yield strength due to lower porosity. These differences
show that the scanning strategy is an adjustable fundamental parameter for tuning the microstructure-

property relationship.

Figure 2.7 - Microstructure of Ti-35Nb-7Zr-5Ta alloy produced by L-PBF with different scanning
patterns: a) R79° rotation, b) chessboard, and c) unidirectional-Y. (Adapted from W. C. Batalha et al.,
2023).

Therefore, the scanning strategy has a direct impact on the microstructure of the alloys during L-
PBF processing, specifically on the orientation and size of the grains, as reported by (W. C. Batalha et

al., 2023). Thus, the variation in scanning patterns alters the mechanical properties of the alloy, with
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configurations that can promote higher microstructure homogenization and improve the strength and
stability of the B phase.

Although the Ti-Nb alloys haves showed significant potential, production via L-PBF still faces
challenges. Precise configuration of the scanning parameters is essential to control the microstructure
and achieve optimal mechanical properties. The literature suggests that advances in 3D printing
techniques and the optimization of process parameters are key to expanding the alloy's applications in

complex biomedical devices (Tardelli et al., 2024a).
2.5 Porous structures for implants

Bulk structures consist of solid materials with a high level of density that aim to guarantee a high
level of robustness. When approached in terms of B-phase Ti-Nb alloys, due to their strength and
adequate mechanical properties. When properties such as strength, Young’s modulus and the effect of
the loads applied to the body are of interest, bulk cylinders are an appropriate starting reference
(Nadammal et al., 2022).

On the other hand, porous structures and scaffolds consist of materials that are manufactured with
empty spaces distributed throughout their solid matrix, so that it is possible to obtain a network of
interconnected pores (Y. Ma et al., 2024). Scaffolds are three-dimensional porous structures which
normally support cell proliferation and tissue regeneration by serving as a base and support (Rehman
et al., 2023). The pores can have variable distributions, shapes and sizes depending on the purpose of
the application. Recent advances of these types of structures were enabled by additive manufacturing
technologies in the field of medical implants, which makes them an important area of research (Aydin
et al., 2025; R L Batalha et al., 2022; Rehman et al., 2023; D. Wang et al., 2022).

In the present work, porous cylinders are used to simulate and analyze the behavior of materials
with properties like those of cortical bone. Their shape makes them excellent for compression tests,
due to the uniform distribution of the applied load, and they can even simulate what bone implants face
in the human body as can be seen in Figure 2.8 (L.-C. Zhang et al., 2023). These structures can be
designed for additive manufacturing (AM) to mimic the characteristics of bone (with the cortical bone as
a reference), focusing above all on reducing weight, obtaining a modulus of elasticity closer to that of
bone, improving bone integration, implant fixation and biocompatibility (Y. Ma et al., 2024). Therefore,
porous structures are indispensable for obtaining these characteristics, since they allow to reduce stress
shielding avoiding implant loosening. Biologically, the significant increase in the area to volume ratio
means that the cells have more surfaces to adhere to, producing faster and more effective colonization.
It also facilitates the transport of nutrients that are essential for cell proliferation, thus accelerating the

formation of specific cells, such as osteoblasts (L.-C. Zhang et al., 2023).
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Figure 2.8 - Model of porous cylindrical structures (Rehman et al., 2023).

Currently, there are three different types of porosity that stand out in the biomedical field: Voronoi,
diamond and gyroid (Figure 2.9). Voronoi consists of the decomposition of a given space into convex
polygons, which do not have a defined pattern and end up being different from each other. It is the
porous structure developed to date that is closest to that of human trabecular bone and has good bone
integration. Diamond consists of a regular structure made up of interconnected nodes that provide
uniform load distribution. Due to its shape, it has high structural strength and uniform rigidity (great for
supporting high loads). Finally, gyroid consists of continuous geometry with no intersections, which is
widely used when good strength is required. Due to its continuous geometry, gyroid structures play an
excellent role in the passage of nutrients and in load transfer, while according to studies it manages to

obtain Young's modulus values close to those of cortical bone, making this porous structure very

promising (Tyagi & M, 2023).
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When manufacturing structures make use of additive manufacturing technologies such as L-PBF,
the design space is significantly enlarged, allowing new geometries to be produced. In the case of bulk
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structure are optimized as much as possible. For this to be possible, it is necessary to select an
appropriate value of laser power, scanning speed and a hatching distance. These parameters ensure
complete melting of the powder particles and minimize unwanted porosity in the material (Nandhakumar
& Venkatesan, 2023). Therefore, bulk geometries are usually produced in the form of standardized
specimens, which are used for mechanical tests such as tensile and compressive for characterizing the
mechanical properties of materials. When manufactured, they must follow the requirements of
standards such as the ISO/ASTM 52909, which address and specify the methods for tensile,
compressive and fatigue tests (respectively) for metallic materials and guidelines on their geometry (T.
Deng et al., 2025; Liu et al., 2023; Tardelli et al., 2024b).

While bulk structures are used to optimize the L-PBF parameters and test the bulk properties of
materials, with porous structures, the aim is to be able to control the built of lattice structures without
compromising the strength of the structure. To this end, the laser must be adjusted specifically for the
porous geometry to achieve highest precision in terms of pore size, morphology and distribution (Pan
etal., 2020; Tyagi & M, 2023; Yu et al., 2022). Hence, the L-PBF technology makes it possible to create
a controlled porous structure in Ti alloys, as can be seen in Figure 2.10. For medical implants, the
porosity is important for promoting bone integration, allowing bone to grow inside the implant.
Furthermore, the modulus of elasticity of the implant can be tuned by adjusting the porosity, mimicking

the bone structure and thus reducing the risk of stress shielding (Pesode & Barve, 2023).

#OB

Figure 2.10 - Implants of titanium with controllable structural units fabricated by laser powder bed
fusion (L.-C. Zhang et al., 2023).



Chapter 3

Materials and Methods

This chapter provides a comprehensive overview of the experimental methodologies employed in
this study, encompassing both the manufacturing process and the subsequent characterization
techniques used to evaluate the produced alloys. These include, microstructure characterization
(optical and scanning electron microscopy), as well as chemical composition analysis (spark emission
spectroscopy and carrier gas heat extraction technique), and mechanical tests (tensile and
compression). Together, these methods enable a holistic evaluation of the alloys in terms of mechanical
performance, structural integrity, phase constitution, and chemical homogeneity, which are critical

parameters for their intended application in biomedical devices.
3.1. Feedstock powder materials

The materials used in this study are commercially pure Ti Grade 2 (m4p GmbH) and Ti-6AIl-4V ELI
Grade 23 (m4p GmbH). Pure Ti Grade 2 and Ti-6Al-4V ELI Grade 23 were supplied as powders
produced via argon gas atomization with spherical particles, particle size of 15-45 ym and chemical
composition corresponding to the medical grades specified in the ASTM F67-24 and the ASTM F1472-
23 Standards. The AMPERIT pure Nb (99.5% purity, Flame Spray Technologies BV) used to prepare
the Ti-Nb alloy was supplied as fused and crushed non-spherical powder with particle size 5-45 pm.
The Ti-39Nb powder mixture was then obtained by mixing the pure Ti and pure Nb using a drum hoop
mixer (JEL RRM Mini-Il, J. Engelsmann AG) for 5 hours at a speed of 35 rpm, and 2.35 kg of Ti-39Nb

powder mixture was prepared (Lisboa Batalha, 2019).

The powders were characterized by measuring particle size distribution (PSD) and particle
morphology, according to ASTM F3509-25, with the following techniques and respective instruments:
Dynamic Image Analysis (DIA) for PSD and particle morphology with the CamSizer X2 instrument
(MICROTRAC MRB). The technique used was dry, pressurized air dispersion. Three measurements
were performed for each sample. Particle morphology and surface texture were further observed in a
Scanning Electron Microscope (SEM, Hitachi SU3900), with secondary electrons (SE) and back-
scattering electrons (BSE) detectors. Local chemical analysis of the powers was performed using

energy-dispersive spectroscopy (EDS, Bruker XFlash 730M).
3.2. Methodology

3.2.1. Computational design of geometries

The design of the bulk test specimens was carried out using Autodesk Fusion 360 software, which
enabled precise modeling of the geometries to be produced via additive manufacturing. Two primary

specimen types were developed: cylindrical samples with a diameter of 10 mm and a height of 30 mm,
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intended for compression tests, and cubic samples with dimensions of 10 x 10 x 10 mm, designed to
assess microstructure and density, as can be seen in Figure 3.1. Moreover, bulk cylinders with ¢ 12
mm x 50 mm height were modelled for machining specimens for tensile tests. These geometries were
selected based on their relevance to mechanical characterization and their suitability for assessing bulk

properties of the Ti-based materials used in this work.

Height =10 mm
Diameter = 10 mm
>

Lenght = 10 mm
Height = 30 mm

Width = 10 mm

Figure 3.1 - Geometries of cylindrical and cubic samples.

The computational modeling of the porous structures was carried out using the nTop software
(version 5.15.2), which allowed the design of six distinct configurations for both the scaffold and
cylindrical specimen groups. The structures were developed with controlled porosity levels and unit cell
dimensions. The configurations were selected to evaluate the influence of pore morphology and
distribution on the mechanical and biological performance of the Ti-based alloys fabricated by L-PBF.
The control over porosity and unit cell dimensions is crucial for tailoring the elastic modulus and
enhancing cell integration in biomedical implant applications as others mechanical properties, like yield

strength.

Therefore, cylindrical scaffolds with gyroid and Voronoi porous architecture were implemented.
Each of them was generated at three different porosity levels 50%, 65%, and 75%. The corresponding
unit cell size and point spacing are presented in Table 3.1 and the modelled porous geometries are

shown in Figure 3.2.
3.2.2. Prototyping

Before producing the porous structure of the Ti-based alloys by laser powder bed fusion (L-PBF),
prototyping of the geometries was performed, following two main approaches: 3D printing by Material
Extrusion with polylactic acid (PLA) and Stereolithography (SLA) with resin (Formlabs white resin V5).
Those 3D printing technologies were chosen for specific evaluation criteria from mechanical handling
to visual and morphological inspection. The prototypes served as physical references to test the viability
of the complex porous structures and to adjust the 3D models before producing the final titanium-based

samples.

Table 3.1 — Design parameters of the six different lattice structures.

Structure Cell Size (mm) Pore Size Beam Thickness (um) Point Spacing

Gyroid 50% 0.90 -- 80 100
Gyroid 65% 1.20 -- 80 100
Gyroid 75% 1.60 -- 80 100
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Voronoi 50% 0.60 -- 80 100
Voronoi 65% 0.76 -- 80 100
Voronoi 75% 0.90 -- 80 100

(D) (E) (F)

Figure 3.2 - Modelled cylinders with (A) gyroid, 50% porosity and unit cell size of 0.9 mm, (B) gyroid,
65% porosity and unit cell size of 1.2 mm, (C) gyroid, 75% porosity and unit cell size of 1.6 mm, (D)
Voronoi, 50% porosity and unit cell size of 0.6 mm, (E) Voronoi , 65% porosity and unit cell size of 0.76
mm, (F) Voronoi, 75% porosity and unit cell size of 0.9 mm.

Material Extrusion of PLA filament with 1.75 mm was employed as a preliminary step in the
validation of the designed porous geometries, taking advantage of one of the lowest cost accessible
and widely used methods in Additive Manufacturing. The Raise3D Pro2 Plus PLA printer was used,

which worked with a 0.4 mm diameter nozzle at 215°C and the platform heated to 55°C.

Stereolithography with resin was employed as a complementary method to Material Extrusion,
aiming to overcome some of the limitations encountered in the earlier stages, particularly in terms of
resolution and surface detail. The FORMLAB 3+ SLA printer was used, which created the structure
through the curing process of the resin (Rigid White) in layers of 0.02 mm by 0.02 mm. It provided
enhanced precision and conformity, which are crucial for accurately replicating complex porous

architectures, especially those based on Voronoi geometry.
3.2.3. Samples fabrication by Laser Powder Bed Fusion

The fabrication of the Ti-based samples was carried out using the laser powder bed fusion (L-
PBF), employing process parameters optimized by Renishaw for Ti alloys (Renishaw plc), which are
widely validated in both industrial and academic. This ensured the reproducibility and reliability of the
manufacturing process across the different material systems studied, namely pure Ti, Ti-6Al-4V, and
Ti-39Nb.

Therefore, the samples were produced by (L-PBF) in a Renishaw RenAM 500S Flex system
equipped with a 500 W ytterbium fiber laser (A = 1080 nm) operating in continuous mode, with a laser

spot size of 80 ym. A reduced build volume of 78 x 78 x 50 mm?® was employed, requiring significantly

17



less powder material while maintaining process stability. The samples were fabricated on pure Ti (Grade
2) build plates (W: 78 mm, L: 78 mm, t: 9 mm) at room temperature, with a laser focus position F = 0
mm, and meander 67° rotation scanning strategy. To maintain an inert environment, a continuous flow
of high-purity argon gas (99.999%) at 190 m®h was applied, keeping the oxygen concentration inside
the chamber consistently below 1000 ppm. Figure 3.3 shows the L-PBF process of a batch of cylinders

with porous structure.

Figure 3.3 - Cylinders with porous structure being produced by L-PBF.

The final parameters used to produce the bulk and porous geometries are presented in Table 3.2.
In the end, a total of 75 samples were produced: 54 with porous structures (18 for each type of material
with the structures of Table 3.1), 18 bulk cylinders for each type of material (compression test and
tensile test in both building and scanning directions), and 3 cuboids (one of each material). After
fabrication, all samples underwent a standardized post-processing sequence consisting of sectioning,
ultrasonic cleaning (Ultrawave IND Series), and compressed air drying, followed by density and porosity

evaluation via Archimedes’ principle to confirm conformity with the 3D modelled geometries.

Table 3.2. - Parameters of the L-PBF process used to produce the bulk and porous
geometries of the Ti-based alloys.

Hatch
Hatch Beam Single scan Layer
laser Scanning
Samples distance compensation laser power thickness
power speed (m/s)
(mm) (mm) (W) (mm)
(W)
Pure Ti -
280 0.95 0.10 0.095 - 0.03
bulk
Pure Ti - 280 0.95 0.10 0.095 85 0.03
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porous
Ti-6Al-4V -

280 0.95 0.10 0.095 -- 0.03
bulk
Ti-6Al-4V -
280 0.95 0.10 0.095 85 0.03
porous
Ti-39Nb -
280 0.95 0.10 0.095 -- 0.04
bulk
Ti-39Nb -
280 1.00 0.09 0.095 85 0.04
porous

During the initial manufacturing stage, the first batch of samples was fabricated to evaluate the
influence of specific process parameters on the final part quality (Figure 3.4). At this stage, a set of
samples was produced with the standard parameters, while other set was fabricated with the addition
of downskin parameters and a third set was produced with beam compensation of 0.095 mm. This
strategy allowed a comparative assessment of the effects of these adjustments on porosity levels,
dimensional accuracy, and the integrity of under-supported surfaces. The results presented in Chapter

4 — Results and Discussion refer to samples of optimized quality.

&5 BN me oo @
S e

Figure 3.4 - Bulk and porous samples manufactured in L-PBF of (A) pure Ti alloys, (B) Bulk samples
of Ti-6Al-4V alloys, (C) Bulk samples of Ti-39Nb alloys, (D) pure Ti scaffolds with (left) and without
downskin (right), (E) Ti-6Al-4V scaffolds, and (F) Ti-39Nb scaffolds.

3.24. Calculation of porosity

To verify whether the actual produced structures presented the theoretical porosity designed in
the CAD models, two different methods were employed to estimate the porosity of the samples. In the
first one, mass (m) and volume (v) of each specimen were carefully measured with a Kern ACS digital

scale and digital caliper, respectively. The density (p) of each sample was calculated using the equation

p= % Subsequently, the porosity percentage (P%) was determined by comparing the densities of the

bulk and porous samples using the following equation: P% = (1 - (%)*100).
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The second method to calculate the porosity consisted of measuring m and v of the porous
samples. Then, the known density of the materials was obtained from their respective datasheets. This

enabled a more material-specific analysis, where porosity was calculated as P% = (1 - VmTp) *100, with p

as theoretical density of the material in its fully solid (non-porous) state.
3.2.5. Materials characterization

The bulk chemical composition of the alloys was obtained by spark emission spectroscopy using
the OBLF QSN 750II spectrometer (Gesellschaft fur Elektronik und Feinwerktechnik GmbH). The carrier
gas heat extraction technique (CGHE; LECO) was applied to analyze the oxygen, nitrogen and oxygen

content of the Ti-based alloys. At least three analyses for each element were performed.

Structural analysis was performed in the investigated materials to investigate the phases with
powder X-ray diffraction in a Rigaku MiniFlex diffractometer, using a Cu ka (A = 1.5406 A) radiation
operated at 30 kV and 15 mA in Bragg-Brentano geometry. The scan range used was 20-90° with a
step size of 0.02° and scan speed 0.5°/min. Moreover, microstructural observations were performed on
samples of powder, bulk and porous structures of pure Ti, Ti-6Al-4V, and Ti-39Nb. For the bulk samples,
cross-sections were cut from both the cuboid and the tensile specimen of each material, enabling the
evaluation of the microstructure along the scanning direction (SD) and building direction (BD). Then,
metallographic samples were prepared as follows: Firstly, the samples were hot mounted in a
conductive phenolic resin (BUEHLER PhenoCure™) using the SimpliMet™ 4000 mounting system by
BUEHLER. Then, the samples were subjected to a grinding process, using abrasive SiC papers in a
BUEHLER EcoMet 30 polishing machine in the following sequence: 320p, 400p, 600p, 800p, 1000p,
1250p, 2500p, and 4000p. Between each grit size, the sample was rotated 90° to promote uniform
surface finishing. A final polishing step was performed with colloidal silica polishing slurry (BUEHLER
MasterMet™ Colloidal Silica with 0.06 um particle size), using detergent as lubricant. The polishing
process was carried out 7-10 minutes, followed by a final 1 minute of polishing under running water.

The polished samples with mirror-like surfaces are shown in Figure 3.5.

Figure 3.5 - Metallographic samples after polishing.

The metallographic samples prepared were then observed with a Nikon Eclipse LV150N optical
microscope (OM), with an integrated Imaging Source 5 MP digital camera (Figure 3.6a). The
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magnifications used were 50x, 100x, 200x, 500x, and 1000x. The polished samples were first observed
to evaluate internal quality. To further reveal the microstructure, the samples were etched with Kroll's
reagent for 20 seconds. Then, the micrographs were obtained using the same OM. Furthermore, the
microstructure of the Ti alloys was observed in the Hitachi SU3900 Scanning Electron Microscope
(Figure 3.6b), using the secondary electrons (SE) and back-scattered electrons (BSE) detectors. Local
semi-quantitative analysis was performed with an energy-dispersive spectroscopy (EDS, Bruker XFlash
730M) detector in the SEM.

Figure 3.6 — (A) Optical microscope Nikon Eclipse Vision, (B) Scanning electron microscope Hitachi
SU3900.

3.2.6. Mechanical tests

In the present study, two mechanical tests were conducted: tensile and compression tests. The
tensile test was employed to evaluate properties such as ultimate tensile strength, yield strength, and
elongation at fracture, thereby characterizing the material's response under uniaxial tension.
Conversely, the compression test was performed to assess the material’s behavior under compressive
loading, providing complementary data on its strength and stability when subjected to forces that induce
shortening rather than elongation. Together, these tests allowed for a comprehensive mechanical

characterization of the materials and geometries.
3.2.7. Tensile tests

Tensile testing is one of the most employed mechanical characterization techniques due to its
relative simplicity of execution, high reproducibility and the breadth of information it provides regarding
the behavior of materials under uniaxial loading. From a single test, it is possible to determine key
mechanical properties such as ultimate tensile strength (UTS), yield strength (upper and lower,
depending on the material), elastic modulus, uniform and total elongation and reduction of area. These
parameters are fundamental in the selection, comparison, and qualification of materials for engineering

applications, where mechanical performance under static loading is a critical design criterion.

Tensile tests are generally performed at room temperature under controlled laboratory conditions,
unless otherwise specified for elevated-temperature or environmental studies. The geometry and

dimensions of the specimens must conform to the relevant standards to ensure comparability of results.
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In the European context, the most used specifications are provided by ASTM E8/E8M-22 (ASTM
international, 2022), where proportional and non-proportional specimens are defined with precise
tolerances regarding gauge length, width, thickness, and transition radii.

For the execution of the test, the standardized specimen is mounted in the grips of a universal
testing machine (UTM), ensuring proper alignment to avoid bending stresses. An extensometer is
typically attached to the gauge length of the specimen to measure strain with high accuracy during the
elastic and early plastic regime (Figure 3.7a). The tensile test was performed on specimens machined
out of cylinders produced with vertical (building direction) and horizontal (scanning direction)
orientations (Figure 3.7b). The test proceeds by applying a tensile load in the axial direction under
displacement or strain control, generally at a constant crosshead speed or according to a prescribed
strain rate until the specimen fractures.

Figure 3.7 — (A) Tensile testing on Instron 3369 universal testing machine and (B) machined
cylindrical specimens of the Ti alloys. measures

During the test, the machine continuously records the applied load and the corresponding
elongation, producing a stress strain curve (engineering stress vs. engineering strain). This curve
provides insight into the elastic region (from which the Young’s modulus and yield strength can be
determined), the plastic region (characterized by strain hardening and culminating at the UTS), and the
fracture point. Depending on the ductility of the material, the curve may exhibit distinct upper and lower

yield points, a plateau region, or necking phenomena prior to failure.

The results are typically reported as the mean value and standard deviation of several replicate
tests, ensuring statistical reliability. Furthermore, post-test fractography (optical microscopy or SEM)
can provide complementary information about the failure mechanism (ductile, brittle, or mixed).

The tensile tests were conducted at Instituto Superior Técnico (IST), within the Department of
Mechanical Engineering, following standardized procedures in accordance with ASTM E8/E8M-22 for
metallic materials. All experiments were performed using an Instron 3369 universal testing machine
equipped with a 50 kN load cell to ensure accurate force measurements, and a 12.5 mm extensometer

for precise strain acquisition within the gauge section, as can be seen in Figure 3.7. The tests were
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performed on machined specimens.

The machine was programmed with a crosshead displacement rate of 2 mm/min, a parameter
chosen in compliance with the ASTM standard and to minimize dynamic effects, thereby ensuring quasi-
static loading conditions. All tests were carried out at an ambient temperature of approximately 24°C
under laboratory-controlled conditions to guarantee consistency and eliminate the influence of thermal

fluctuations on the material response.

The testing sequence was organized to first evaluate vertically and horizontally built bulk
specimens of pure Ti. Subsequently, tensile tests were performed on Ti-6Al-4V specimens, followed by
Ti-39Nb specimens. This systematic approach enabled a comparative analysis of the influence of alloy
composition and manufacturing orientation on the tensile properties, providing a comprehensive
understanding of the mechanical performance of the materials investigated under standardized testing

conditions.

After the acquisition of experimental data, a systematic data processing procedure was carried
out. For the tensile tests, different approaches were employed depending on the elastic behavior of the
materials. In the case of materials exhibiting a predominantly linear elastic response, namely pure Ti
and Ti-6Al-4V, the data were processed using Microsoft Excel. Conversely, for Ti-39Nb, which
demonstrated a nonlinear elastic response, the analysis required a combined approach using Microsoft
Excel along with a custom developed Python script to ensure accurate determination of mechanical

properties.

For pure Ti and Ti-6Al-4V ELI, the 0.2% offset method was applied in accordance with standard
procedures to determine the yield strength. This method consists of constructing a line parallel to the
initial linear portion of the stress—strain curve, offset by a strain of 0.002 (0.2%), and identifying its
intersection with the experimental curve. The modulus of elasticity (Young’s modulus) was obtained

from the slope of the elastic region.

For the Ti-39Nb alloy, due to its nonlinear elastic behavior, the traditional offset method was not
applicable. Instead, a combination of tangent and secant methods was implemented. The tangent
method was used to estimate the initial elastic slope, while the secant method provided a more accurate
representation of the material’s stiffness over the relevant strain range. These techniques allowed for
the precise calculation of Young’s modulus and yield strength for this alloy, despite its unique
anelasticity characteristics.

3.2.8. Compression tests

Compression testing is a fundamental mechanical characterization technique used to evaluate the
behavior of materials subjected to uniaxial compressive loading. It allows the determination of key
properties such as the compressive strength, the elastic modulus, the limits of elastic and plastic
deformation, and in some cases, phenomena such as buckling, barreling, or failure modes associated
with instability. These parameters are essential for applications where materials are primarily subjected

to compressive stress, such as structural supports, biomedical implants, or energy absorption
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components.

The tests are carried out at room temperature under controlled laboratory conditions, unless
specific environmental conditions are required. The geometry and dimensions of the specimens must
comply with international standards to guarantee reproducibility and comparability of results. In most
cases, cylindrical specimens (height-to-diameter ratio between 1.5:1 and 2:1) or rectangular prisms are
used, with surface flatness and parallelism being critical to ensure uniform stress distribution during
loading. Standards such as ASTM E9 (Test Methods of Compression Testing of Metallic Materials at
Room Temperature, 2025) provide detailed requirements regarding specimen preparation, alignment,

and test procedures.

For the execution of the test, the specimen is carefully positioned between parallel platens,
ensuring proper alignment to minimize bending stresses. A compressive load is then applied in the axial
direction under displacement control or strain-rate control, typically at a constant crosshead speed
corresponding to a prescribed strain rate. The test proceeds until a defined strain level, a maximum

load, or until failure occurs, depending on the objective of the study.

Throughout the test, the machine continuously records the applied load and the corresponding
displacement, generating a compressive stress - strain curve. This curve enables the identification of
the elastic regime (from which the compressive modulus is determined), the onset of plastic
deformation, the yield point (if present), and the maximum compressive strength. Depending on the
material, the curve may also reveal nonlinear behavior such as strain hardening, densification (in porous

materials), or sudden fracture.

To ensure statistical validity, multiple specimens were tested under identical conditions, and the

results are reported as mean values with standard deviation.

The compression tests of the porous cylinders (showed in Figures 3.2 and 3.4) were conducted at
IST/Department of Mechanical Engineering, following standardized procedures in accordance with EN
E9 for metallic materials. Porous specimens were performed using an Instron 3369 universal
compressive testing machine, with a 50 kN load capacity and a displacement rate range of 0.005-500
mm/min, as can be seen in Figure 3.8. The machine’s high precision load cell and servo motor system
ensure accurate force and displacement measurements. Each measuring 10 mm in height was
compressed at a constant displacement rate of 2 mm/min until reaching 33% deformation (total
displacement of 10 mm). Nine specimens per lattice structure type are tested (3 for each material), with
compression applied along the build direction to assess compressive mechanical performance. The
tests were carried out at an ambient temperature of approximately 24 °C under laboratory-controlled
conditions to guarantee consistency and eliminate the influence of thermal fluctuations on the material
response. For bulk specimens (cylinders $10 x 30 mm showed in Figure 3.1 and 3.4), an Instron
hydraulic compression testing machine with a 100 kN load cell was used. The crosshead displacement
was maintained at 2 mm/min, and the room temperature was also 24 °C. The test was performed until
the final length of the cylinders was 10 mm, with a constant displacement rate of 2 mm/min until reaching
33% of deformation. A total of 10 bulk specimens were tested (3 of pure Ti, 3 of Ti64 and 4 of Ti-39Nb).
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Figure 3.8 - Compression test of a cylinder with gyroid structure on the Instron 3369 universal testing

machine.
3.2.9. Fractography of the mechanical tested specimens

Following the completion of the mechanical tests, the fracture surface of a representative tensile
specimen for the tested materials in the vertical (building direction) and horizontal (scanning direction)
orientations from each of the investigated materials were selected for fractographic examination. The
specimens were first observed directly in the scanning electron microscope (Figure 3.9 (A) and (B)).
The mounted samples were initially analyzed using optical microscopy to observe the general
microstructural features and to identify the fracture plane morphology. Subsequently, a more detailed
analysis was performed using a SEM to examine the fracture surfaces at higher magnifications. This
approach allowed for the assessment of fracture characteristics, the propagation path of cracks, and
the dominant failure mechanisms. Special attention was given to identifying the presence of ductile
fracture features, particularly the classic cup and cone morphology, which is typically associated with
materials exhibiting significant plastic deformation prior to failure. These observations provided critical
insights into the fractured behavior of the tested alloys and their relationship to microstructural

characteristics induced by composition and processing conditions.

Furthermore, the porous cylinders were observed after performing mechanical compression tests
using the SEM to establish the correlation between the recorded mechanical behavior and the
associated failure mechanisms. The analysis focused on characterizing the fracture mode and position
of the fracture initiation in the porous geometries and the possible occurrence of pore crushing or

alignment, phenomena that are particularly relevant in such structures.
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Figure 3.9 — Fractured tensile specimens: (A) horizontal build and (B) vertical build.
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Chapter 4

Results and discussion

This chapter presents the results obtained in the characterization of the powders, manufactured
bulk and porous structures and mechanical tests. The discussion is carried out in parallel with literature,

to better critical compare and frame the results with state of the art.

4.1. Powder characteristics

The particle size distribution (PSD) of the pure Ti Grade 2, Ti-6Al-4V EL| and pure Nb powders is
presented in Figures 4.1-part A, 4.2- part A and 4.3- part A. It can be noted that Pure Ti particles ranged
from approximately 25 uym (d10) to 44 ym (d90), with a median size (d50) of 34 ym, as shown in the
figure 4.1-part A. In the case of Ti-6Al-4V ELI Grade 23 x15, the distribution extended from 27 um (d10)
to 48 um (d90), with d50 = 35 ym and an average particle size of 35 um, as shown in the figure 4.2-
part A. Finally, the Ti-Nb alloy presented a distribution ranging from 19 ym (d10) to 47 um (d90), with a
median size (d50) of 33 um and an average particle size of 33 um, as shown the figure 4.3-part A. The
particle size distributions of all three powders are within the standard particle size distribution commonly
used for laser powder bed fusion (Penny et al., 2025; L. C. Zhang et al., 2023)

D10=25 pym

VY D50= 34 ym
D90= 44 ym

(A) 100.00

Figure 4.1 — Pure Ti powder: (A) particle area distribution and cumulative frequency, (B) Powder
morphology with SEM image of Gas atomized Pure Ti powder and (C) EDS map.
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Figure 4.2 — Ti-6Al-4V powder: (A) particle area distribution and cumulative frequency, (B) Powder
morphology with SEM image of Gas atomized Ti-6Al-4V powder and (C) EDS map.
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Figure 4.3 — Ti-39Nb powder: (A) particle area distribution and cumulative frequency, (B) Powder
morphology with SEM image of Ti-39Nb powder mix and (C) EDS map.

The morphological analysis of the powders carried out by SEM revealed clear differences between
the materials studied. The particles of pure Ti (Figure 4.1- part B and C) and Ti-6Al-4V (Figure 4.2- part
B and C) exhibit a predominantly spherical morphology, characteristic of powders produced by gas
atomization, which favors good flowability, high packing density, and homogeneous melting behavior

during the L-PBF process. In contrast, the Ti-39Nb powder mixture presented two distinct morphologies:
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Spherical particles corresponding to titanium and irregular polygonal particles corresponding to
niobium, as show in Figure 4.3- part B and C. The irregular shape of Nb particles hinders the spreading
process, reducing the overall flowability of the powder. Moreover, the non-spherical particles may lead
to non-uniform packing and local heterogeneities during laser melting, which could translate into
microstructural inhomogeneities in the final bulk material (L. C. Zhang et al., 2023). The corresponding

EDS maps further corroborate these findings has been already observed by (Ersoz et al., 2024).
4.2. Bulk chemical analysis

Chemical analysis of the Ti and Ti alloys revealed results compatible with biomedical applications.
Pure titanium showed very low levels of oxygen (0.016 wt.%), by infrared absorption and nitrogen (0.010
wt.%), by thermal conductivity, well within the limits of ASTM F67, indicating high purity, while hydrogen
(>0.006 wt.%) remains close to the detection limit. For the Ti-6Al-4V alloy, the Al (6.1 wt.%) and V (4.0
wt.%) contents, determined by spark emission spectroscopy, are very close to the nominal composition,
in accordance with ASTM F136, and the residual presence of iron (0.16 wt.%) is small. The interstitial
elements O (0.012 wt.%) and N (0.004 wt.%), measured by infrared absorption are also low in the Ti-
6Al-4V ELI alloy, which are important for minimizing embrittlement effects. The Ti-39Nb alloy has 60.6
wt.% Ti and 39.4 wt.% Nb, by spark emission spectroscopy, with no traces of Al or V, reinforcing the
alloy's biocompatibility, while O (0.006 wt.%) and N (0.011 wt.%) remain low. The low standard
deviations (o Ti=0.09 wt.%; 0 Nb = 0.06 wt.%) confirm the reliability of the analysis, as shown in Table
4.1. Overall, all alloys show minimal contamination by interstitial elements, benefiting ductility and
mechanical strength, and allowing for a clear comparison of the properties of the alloys studied (Zhuo
et al., 2025).

Table 4.1 - Chemical analyses of the Ti alloys (wt.%).

Ti Al Vv Fe Nb o N H

Reference
(%) (%) (%) (%) (%) (%) (%) (%)
Pure Ti 0.01 0.01 >0.0
6 0 06
808 61+ 40% 0.01 000 >0.0
Ti-6Al4V ELI ‘ Ty - : : :
+01 01 0.03 2 4 06
0.01
60.6 394 0.00 0.01 >0.0
Ti-39Nb : - - - + : : :
+0.1 6 1 06
0.06

4.3. Real porosity of scaffolds

The theoretical porosity of the scaffolds was designed using the nTop - software with 50%, 65%
and 75% porosity. On the other hand, the relative density determined by Archimedes' principle showed
slight variations from the planned values. In most cases, the deviations observed are small (£3%),

demonstrating good manufacturing precision, as shown in Table 4.2.
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Tabel 4.2 - Porosity values calculated after measuring the density with Archimedes principle.

Scaffold Pure Ti Ti6Al-4V  Ti-39Nb

Cylinder
54 + 3% 54+ 3% 51+ 3%
Gyroid 50%

Cylinder
67 £ 3% 66+ 3% 631 3%
Gyroid 65%
Cylinder
751+ 3% 74+ 3% 72+ 3%
Gyroid 75%
Cylinder
50 £ 3% 501 3% 47 £ 3%
Voronoi 50%
Cylinder
64 £ 3% 621 3% 67 £ 3%
Voronoi 65%
Cylinder
77 £ 3% 80+ 3% 851 3%

Voronoi 75%

However, certain scaffolds, namely those manufactured with Ti-39Nb and 75% Voronoi geometry,
showed a more pronounced deviation, with actual porosity of approximately 85%, well above the 75%
designed. This behavior can be attributed to multiple factors intrinsic to the L-PBF process, including
material contraction during solidification, melting imperfections, differences in geometry between gyroid
and Voronoi, and process parameters such as laser power, scanning speed, and layer thickness.
Furthermore, analysis of the powder morphology (performed previously) revealed that the Nb particles
have an irregular, polygonal shape, in contrast to the sphericity observed in the Ti particles, which may
contribute to the formation of local voids or incomplete melting, increasing the actual porosity compared
to theoretical porosity. Previous studies on L-PBF of Ti64 and Ti-Nb report typical deviations of + 3 to
5% between designed and calculated porosity, with Voronoi scaffolds generally being more susceptible
to variations due to their geometric complexity (Y. Ma et al., 2024). In relation to the 75% Voronoi
scaffold made from Ti-6Al-4V (measured porosity of 80%), the deviation may be due to slight contraction
of the material in the walls, leading to a higher-than-expected value of porosity or presence of some
defects (Figure 4.4). Despite these deviations, the results obtained are considered adequate for
biomedical applications, given that the difference between the projected and actual porosity is small,

predictable, and compatible with the desired structural functionality.
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Figure 4.4 — Polished surface of gyroid 75% observed by OM

4.4. Microstructural and crystallographic characterization

Crystallographic characterization was performed by XRD. Figure 4.5 presents the XRD patterns
for pure Ti (powder and bulk), Ti-6Al-4V ELI (bulk) and Ti-39Nb (bulk) materials produced by L-PBF. It
may be noticed that pure Ti has a/a’ (martensite) crystal structure in the raw material (powder) and as-
built (after L-PBF process) (Attar et al., 2014; A. Cheng et al., 2014; Gu et al., 2012). The same crystal
structure was also detected in the Ti-6Al-4V ELI alloy o' (hcp martensite), which is a result of the high
cooling rate evolved in the L-PBF process (Simonelli et al., 2014; Vrancken et al., 2012). On the other
hand, the high amount of Nb, which is a strong beta-stabilizer in Ti alloys, leads to a $-Ti structure in
the Ti-39Nb alloy, which is known for its lower Youngs modulus and, therefore, to induce better
biomechanical compatibility (R L Batalha et al., 2022; Rodolfo Lisboa Batalha et al., 2020; S. Pilz et al.,
2024; Stefan Pilz et al., 2022).

B — Ti-39Nb bulk

Ti-6Al-4V ELI bulk
—— pure Ti bulk
— pure Ti powder

B B B

oo/t o/l
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Figure 4.5 - XRD patterns of the Ti-based materials.
31



Optical micrographs analysis of the Ti alloys (Figure 4.6) obtained without contrast (part A, B and
C), led to the conclusion that manufacturing defects were practically non-existent. In the bulk Ti alloys
manufactured in the scanning direction (SD) and building direction (BD), only a few small gas pores
were observed, structural integrity is negligible in Figure 4.7. In the porous Ti alloys, in addition to the
occasional presence of gas pores, keyhole was identified, as show the Figure 4.4 (Arputharaj et al.,
2025; Cao et al., 2021; Gokge et al., 2025; Johannsen et al., 2023; H. Y. Ma et al., 2024; Ni et al., 2025;
Soltani-Tehrani et al., 2023; K. Zhang et al., 2024; Zhuo et al., 2025).

After chemical etching with Kroll solution, it was possible to observe the different microstructures
characteristic of each material in each direction SD and BD, as show the Figure 4.7. Pure Ti (Figure 4.7
(A) and (D)) has an essentially equiaxial microstructure, composed of small grains with well-defined
contours (radius ranging from 1.1 to 9.3 ym). The predominant phase is a-Ti.

(A)
100 ym
(B)
00 m)
©)

(10

Figure 4.6 - Optical micrographs of the Ti alloys. Polished surface of (A) pure Ti, (B) Ti-6Al-4V, and
(C) Ti-39Nb
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Figure 4.7 - Optical micrographs of the Ti alloys. Etched metallographic bulk materials in the scanning
direction of (A) pure Ti, (B) Ti-6Al-4V, and (C) Ti-39Nb. Optical micrographs of the Ti alloys. Etched
metallographic bulk materials in the building direction of (D) pure Ti, (E) Ti-6Al-4V and (F) Ti-39Nb.

The micrographs of the Ti-6Al-4V alloy are shown in Figure 4.7 (B) and (E). It may be the presence
acicular o’ (as shown by DRX's analysis) in the microstructure of the alloy after L-PBF, although a-Ti
and retained 3-Ti have also been reported, the former visible as lighter regions and the latter as darker
regions (Marin & Lanzutti, 2024). Inside the prior B phase grains, lamellar substructures are observed,
compatible with the formation of martensitic a'. The size of the prior $ grains is variable. This
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microstructure suggests an advantageous combination of mechanical strength (provided by the o’
phase) and toughness (associated with the retained 8 phase).

The microstructure of the beta Ti-39Nb produced by L-PBF is presented in Figure 4.7 (C) and (F).
The semi-circular melt pools (length of 69 to 72 um) are clearly seen because of chemical micro
segregation at the melt pool boundaries. It is also seen Nb particles (white regions) are not fully
dissolved in the Ti-Nb matrix, which is related particle size of the pure Nb used to prepare the Ti-39Nb
powder mixture, associated with the high melting temperature of pure Nb. The solidification substructure
is not seen at this scale and was characterized by scanning electron microscopy (Figure 4.7). The high
concentration of Nb (39 wt.%) gives the alloy significant 8 phase stabilization, resulting in a metastable
B-Ti microstructure, which is associated with a reduced modulus of elasticity, a property that is

particularly relevant for biomedical applications (Rodolfo Lisboa Batalha et al., 2020; Tang et al., 2024).

The analysis in BD corroborated previous observations and added complementary information
about microstructural evolution. In the pure Ti bulk material (Figure 4.7 (A), the grain structure is
predominantly equiaxial with the absence of extensive columns, which indicates a isotropic
microstructure and a more homogeneous mechanical behavior across different directions. In the Ti-6Al-
4V bulk material (Figure 4.7 (B), it was possible to identify the presence of banding and elongated prior
B grains with length of approximately 137 um, showing oriented structures with a Widmanstadter-type
pattern (Singla et al., 2021). This preferred orientation induced by the solidification process promotes
microstructural anisotropy, which tends to give the material a distinct mechanical property along the
building and scanning directions. In the Ti-39Nb bulk material (Figure 4.7 (C), it was possible to clearly
identify the orientation of the melt pools, with average dimensions of approximately 74 ym in length and
40 um in width, directly reflecting the path followed by the laser beam during the manufacturing process.
In addition, incompletely melted Nb particles were observed, whose irregular or polygonal morphology
is indicative of local limitations in melting. The presence of these particles can influence both the
microstructural homogeneity and the overall mechanical behavior of the alloy (David Deus Vilhena,
2021.; Singla et al., 2021).

The microstructure of the Ti alloys produced by L-PBF was further investigated by SEM (Figure
4.8). The pure Ti (SD — A and BD - B) presents a microstructure with grains of the stable a-Ti phase
and plates of a’. This indicates that the rapid solidification conditions characteristic of the additive

manufacturing process resulted in a microstructure with two phases as o’ martensite is also formed.
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Figure 4.8 — SEM micrographs obtained in SD and BD, (A) pure Ti SD, (B) pure Ti BD, (C)
Ti-6Al-4V SD, (D) Ti-6Al-4V BD, (E) Ti-39Nb SD, (F) Ti-39Nb BD.

The microstructure of the Ti-6Al-4V alloy (SD — (C) and BD — (D) present a predominantly acicular
o’ martensitic structure. The presence of the a” phase, typical of rapid cooling processes in Ti alloys, is
clearly observed, which confers greater mechanical strength but can also reduce ductility. This
structural difference between pure Ti and Ti-6Al-4V demonstrates the versatility of Ti alloys in terms of
controlling the relationship between process-microstructure-properties that is more suitable for
biomedical applications, where a balance between strength, ductility and mechanical compatibility with

bone is required (Bartolomeu et al., 2022; Noronha et al., 2023).

The Ti-39Nb alloy produced by L-PBF (SD — (E) and BD — (F) differ from the previous ones as a
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very fine cellular solidification structure is observed of a single beta phase microstructure. This single
phase is more suitable for orthopedic applications since it results in a significantly lower elastic modulus
and, therefore, greater biomechanical compatibility, as reported in the literature (Colombo-Pulgarin et
al., 2021; Yue Li et al., 2026; Lisboa Batalha, 2019)

Figures 4.9, 4.10 and 4.11 present a surface analysis of the porous structures. In all the alloys —
pure Ti, Ti-6Al-4V and Ti-39Nb, the manufacturing quality was considered acceptable since no
significant defects are detected. Nonetheless, it was noticed powder particles sintered to the surface of
the porous geometries, which is inherent to the powder-based nature of the L-PBF process (Bordbar-
Khiabani & Gasik, 2023; Delpazir et al., 2023; Derimow et al., 2025; Fan et al., 2023; Memu et al., 2025;
Senftleben et al., 2025; Sheremetyev et al., 2024; Shuvho et al., 2025; SITINUR HAZWANI et al., 2022;
B. Zhang et al., 2025; Zhao et al., 2021).
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Figure 4.9 — Side analysis of gyroid geometry (65%) by SEM, (A) Pure Ti gyroid 65% side view, (B) Ti-
6Al- 4V gyroid 65% side view, (C) Ti-39Nb gyroid 65% side view, (D) Pure Ti gyroid 65% pore side
view, (E) Ti-6Al-4V gyroid 65% pore side view and (F) Ti-39Nb gyroid 65% pore side view.

The analysis of the structures revealed that the average pore size was approximately 500 ym in
the Gyroid structures and equal to or smaller than 500 ym in the Voronoi structures, as illustrated in
Figures 4.9, 4.10, and 4.11 parts (D), (F) and (E). These values fall within the dimensional range
considered optimal for cell adhesion and proliferation (200—800 pum), highlighting the potential of these
structures for applications in bone tissue engineering (Z. Chen et al., 2020; Dabaja et al., 2025;
McGregor et al., 2021; Seehanam et al., 2024).
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Figure 4.10 — Surface of gyroid geometry (65%) analysis by SEM: (A) pure Ti, (B) Ti-6Al-4V, (C)
Ti-39Nb, (D) pure Ti pore surface, (E) Ti-6Al-4V pore surface and (F) Ti-39Nb pore surface.
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Figure 4.11 - Surface of Voronoi geometry (65%) analysis by SEM: (A) Pure Ti, (B) Ti-6Al-4V(C) Ti-
39Nb, (D) pure Ti pore surface, (E) Ti-6Al-4V pore surface and (F) Ti-39Nb pore surface

4.5. Tensile properties

The comparative analysis of the tensile properties performed on horizontal (Figure 4.12 (A) and
vertical (Figure 4.12 (B) build specimens of the Ti-based materials used (pure Ti, Ti-6Al-4V and Ti-Nb)
shows marked differences in their mechanical behavior, which can be directly related to microstructure
resulting from the L-PBF processing, according to the literature (Abd-Elaziem et al., 2024; Squillaci et
al., 2025; C. Zhou et al., 2025).
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Figure 4.12 — Tensile stress — strain curves of representative specimens of the Ti alloys produced by
L-PBF in the (A) horizontal and (B) vertical directions.

The stress-strain curves reveal clear differences in the initial slope (associated with the elastic
behavior) and in the magnitude of the maximum stress reached. The Ti-39Nb specimens showed the
lowest initial slope, confirming the reduced elastic modulus and anelastic behavior, while Ti-6Al-4V
reached significantly higher stress levels, albeit with limited plastic deformation. Pure Ti showed higher
plastic regimes, reflecting the greater ductility of the material. Comparison between orientations reveals

that, although the differences between horizontal and vertical specimens are generally moderate, they
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are not negligible. In pure Ti and Ti-6Al-4V, the vertical orientation showed a slight increase in
elongation, while in Ti-39Nb there was an increase in yield stress, accompanied by a reduction in
elongation. These results suggest a contribution from microstructural anisotropy, possibly associated

with the preferred grain direction or the morphology of the a and B phases (R L Batalha et al., 2022).

The tensile properties are summarized in Table 4.3. Regarding Young's modulus, it was observed
that pure Ti and Ti-6Al-4V alloys presented values of 109 + 1 GPa in horizontal direction (h) and 106 +
3GPa in vertical direction (v), which are relatively close to the values reported in the literature for a and
a+p3 alloys (106-110 GPa). The Ti-39Nb specimens, on the other hand, showed a significant smaller
elastic modulus of 77 £ 2 GPa in the horizontal direction and 73 + 4 GPa in the vertical direction, which
represents a decrease of approximately 30% compared to the pure Ti and more conventional Ti-6Al-
4V ELlI alloy. This difference is particularly relevant in biomedical applications, since the lower modulus
brings the material closer to human bone tissue (10-30 GPa), reducing the stress shielding effect and

favoring load transfer for bone regrowth (Chmielewska & Dean, 2024).

Table 4.3 - Tensile properties values of pure Ti, Ti-6Al-4V ELI and Ti-39Nb alloys. H and V are the

horizontal and vertical directions, respectively.

Young's Tensile Yield Total
Specimen modulus  Strength  Strength Elongation
(GPa) (MPa) (MPa) (%)
Pure Ti (H) 109 + 1 663 £ 33 553 + 31 22 + 1
Pure Ti (V) 106 £ 3 666 £+ 21 553 + 21 23+2

Ti-6Al-4V ELI (H) 109 £ 1 1165 + 53 1085 * 48 10 £1
Ti-6AI-4V ELI(V) 106 +3 1117 +21 1041+ 17 14 £1
Ti-39Nb (H) 772 754+ 18 619 %48 19+3
Ti-39Nb (V) 73+4 742 +11 703 £ 26 16 £ 1

In terms of tensile strength, the Ti-6Al-4V alloy showed highest ultimate tensile stress (UTS) of
1165 £ 53 MPa in the horizontal orientation (H) and 1117 + 21 MPa in the vertical orientation (V). This
behavior is accompanied by equally high yield stresses (approximately 1085 + 48 MPa (H) and
approximately 1041 £ 17 MPa (V)), reflecting the strengthening effect of the a martensitic
microstructure. Pure Ti presented the lowest tensile strength with a UTS of 663 + 33 MPa (H) and 666
+ 21 MPa (V), and a yield strength of 553 £ 31 MPa (H) and 553 £ 21 MPa (V). The Ti-39Nb specimens
exhibited intermediate strength, with average UTS of 754 + 18 MPa (H) and 742 + 11 MPa (V) and yield
strengths between 619 + 48 MPa (H) and 703 + 26 MPa (V), similarly to previously reported in the
literature (Jamshidi et al., 2020). The Ti-39Nb result is particularly interesting, since it is also
accompanied by an intermediate ductility compared to the conventional Ti-6Al-4V ELI and pure Ti.
Moreover, it is noted in the vertical orientation an increase in the yield strength compared to the
horizontal specimens, suggesting anisotropy because of the L-PBF manufacturing process
(Subramanian et al., 2025).

Regarding ductility as assessed by total elongation, the results show opposite trends between the
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materials. Pure Ti showed high of 22 + 1 % (H) and 23 + 2%(V), confirming its ductile behavior and with
high deformation capacity before fracture. The Ti-6Al-4V ELI alloy, on the other hand, showed
significantly lower ductility, with total elongation of 10 £ 1% (H) and 14 £ 1% (V), which is consistent
with its high strength. The Ti-39Nb alloy showed again intermediate behavior, with total elongation of
19+ 3% (H) and 16 £ 1% (V), reflecting a balanced combination of mechanical strength and ductility. It
should be noted that, in all cases, the calculated standard deviations were relatively low, indicating good

reproducibility of the tests and consistency of the results (Umbelino dos Santos et al., 2021).

The Ti-6Al-4V ELI alloy remains the most suitable for applications requiring high mechanical
strength, albeit at the expense of reduced ductility. Pure Ti, on the other hand, is a more ductile material,
albeit with lower strength, which can be advantageous in scenarios where deformability is critical. The
Ti-39Nb alloy, on the other hand, is particularly promising for biomedical applications, combining
intermediate mechanical strength, acceptable ductility and above all, a reduced Young's modulus that
brings it closer to the mechanical properties of bone. The anisotropy identified between horizontal and
vertical specimens reinforces the need for further studies to correlate microstructure with mechanical
performance to optimize laser powder bed fusion processing conditions and ensure consistency in

material properties regardless of part orientation.
4.5.1. Fractography analysis

Fractographic analysis was performed to understand the fracture mechanisms that occurred in the
pure Ti, Ti-6Al-4V ELI, and Ti-39Nb tensile specimens and correlate with their microstructure and
mechanical behavior. The evaluation was performed by scanning electron microscopy (SEM), with
representative tensile specimens selected from each material and both horizontal and vertical
orientations. The images obtained are presented in Figure 4.13 (A-L) highlighting the fracture surface

characteristics of each material.

In general, the Ti-based alloys exhibited a predominantly ductile fracture, evidenced by the
presence of well-defined dimples (coalescence cavities) on the fracture surface. These cavities result
from the growth and coalescence of micro voids, typical of metallic materials subjected to significant
plastic deformation prior to fracture. In all cases, the classic “cup and cone” morphology was observed,
characteristic of ductile fractures under tensile loading, with a central region of necking accompanied
by inclined edges. However, the extent of plastic deformation varied considerably between materials,

reflecting the microstructural and phase differences of each alloy.
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Figure 4.13 — Fracture surface of representative tensile specimens: (A), (D), (G) and (J) - Pure Ti; (B),
(E), (H), (K) - Ti-6Al-4V; (C), (F), (1) and (L) - Ti-39Nb.

The pure Ti presented a fracture surface with large, uniformly distributed dimples, indicating high
plasticity prior to fracture. The presence of pronounced necking in the gauge section confirmed this
behavior. Comparative analysis between horizontal and vertical tensile specimens revealed marked
similarities in fracture morphology, although vertical tensile specimens showed slightly greater
elongation before fracture, possibly due to the more favorable orientation of the layers relative to the
loading axis. In the case of pure Ti in the horizontal direction (Figure 4.13 (A) and (D), a fracture surface
with larger cavities and preferential elongation of the dimples was observed, suggesting strong
anisotropy and localized plastic deformation capacity. The presence of fibrous ligaments and lamellar
zones indicates high overall ductility, consistent with the expected behavior of commercially pure Ti with
a single-phase a-Ti structure. Pure Ti in the vertical direction (Figure 4.13 (G) and (J), showed a more
homogeneous distribution of cavities, with more equiaxial and larger dimples compared to the horizontal

direction, reflecting high ductility and confirming the influence of processing orientation on tensile
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behavior. Thus, for pure Ti, it is observed that both directions reveal ductile fracture, although the
horizontal orientation favors the formation of elongated ligaments due to the crystallographic texture.
The a-Ti microstructure typical of pure Ti, previously observed by optical microscopy and SEM, explains
the high ductility (Xiao et al., 2023).

In the Ti-6Al-4V ELI alloy, fractography revealed mixed fracture characteristics, with predominantly
ductile zones interspersed with localized areas of quasi-brittle fracture (Figure 4.13 (B) and (H)). The
ductile regions had smaller and shallower dimples than those observed in pure Ti, while the brittle zones
exhibited flat facets and evidence of localized cleavage, particularly in specimens manufactured in the
vertical orientation (Figure 4.13 (B) and (H)). Analysis of Ti-6Al-4V in the horizontal direction (Figure
4.13 (B) and (E) revealed a high density of very fine, shallow dimples distributed uniformly. Although
this morphology is typical of ductile fracture by coalescence of micro voids and the small size of the
dimples indicates a lower capacity for local plastic deformation before fracture. The same behavior was
observed in the vertical direction (Figure 4.13 (H) and (K), reinforcing the idea that the presence of the
o’ and residual a+p microstructure that resulted in a high strength also reduced ductility of the alloy.
The overall result is a partially ductile and partially brittle fracture, with less necking and less total
elongation compared to pure Ti and Ti-39Nb. In addition, specimens with horizontal orientation showed
greater homogeneity on the fracture surface, suggesting better cohesion between layers and less

influence from discontinuities generated during the L-PBF process (Xiao et al., 2023).

The Ti-39Nb alloy showed a clear ductile fracture, with a dense distribution of small and medium-
sized dimples, randomly oriented and predominantly hemispherical in shape. This morphology indicates
marked and progressive plastic deformation up to fracture, consistent with the high elongation
measured in the tensile tests. The B single phase microstructure of the Ti-39Nb processed by L-PBF
was responsible for this behavior. Additionally, no signs of intergranular fracture or cleavage regions
were observed, confirming the high toughness of the alloy and its resistance to crack propagation. In
terms of manufacturing orientation, the horizontal and vertical specimens presented similar
morphologies, demonstrating that the more homogeneous and isotropic microstructure of Ti-39Nb
minimizes the influence of orientation in the mechanical properties of the alloy. In the horizontal direction
(Figure 4.13 (C) and (F), the fracture surface showed larger and deeper dimples, some in the shape of
“petals” (Figure 4.13 (F), evidencing the growth and coalescence of micro voids more pronounced than
in the Ti-6Al-4V ELI alloy. In the vertical direction (Figure 4.13 (I) and (L), larger and deeper cavities
were also observed suggesting again a high capacity for plastic deformation before fracture. This
behavior is consistent with the literature, which associates Nb-stabilized B Ti alloys with greater overall
ductility that favors the mobility of dislocations and homogeneous plastic deformation before fracture
(Brodie et al., 2020; McConnell et al., 2025; Ummethala et al., 2020).

In general, the comparison between the different materials produced by L-PBF with different
orientations shows that the Ti-6Al-4V ELI alloy exhibited more consistent with its higher strength and
lower ductility, whereas pure Ti revealed a largely ductile fracture, albeit with lower overall strength,
while the Ti-39Nb combined superior ductility with homogeneous and progressive fracture, showing

mechanical behavior closer to that of cortical bone. These results reinforce the suitability of Ti-39Nb
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alloy as a promising material for biomedical applications, particularly in orthopedic implants, where a
ductile, stable and predictable fracture mechanism is desirable to minimize the risk of catastrophic

failure.
4.6. Compressive properties

Compression tests were performed on bulk cylinders as well as cylinders with Voronoi and gyroid
porous structures and three porosity levels (50%, 65% and 75%), as shown in Figures 4.14 and 4.15
and 4.16. The results are summarized in Table 4.4. Similarly to the tensile tests, analysis of the curves
corresponding to the bulk materials shows that Ti-6Al-4V exhibits highest compressive strength,
withstanding a maximum load of approximately 95 kN. Commercially pure Ti showed the lowest
compressive strength, with a maximum load of approximately 54 kN, while the Ti-39Nb alloy showed

intermediate behavior, with a maximum compressive load up to 61 kN (Figure 4.14).
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Figure 4.14 - Compression curves of bulk materials

When the porous geometries were tested, a significant reduction in overall stiffness and an
increase in apparent ductility are observed. In the gyroid geometry with 50% porosity of pure Ti and Ti-
39Nb, maximum compressive loads of approximately 28 kN and 24 kN, respectively, while Ti-6Al-4V
reached about 49 kN but exhibited premature fracture (Figures 4.15 and 4.16 (A)). This behavior
resulted in deformation limited to 6%, unlike the other bulk materials, which reached average values of
33%, thus demonstrating a generally more ductile behavior than the bulk materials. For the gyroid
geometry with 65% porosity, there was a marked reduction in load capacity: Pure Ti withstood loads up
to 8 kN, Ti-39Nb up to 12 kN and Ti-6Al-4V up to 14 kN. For gyroid 75% porosity, the maximum force
values were around 3 kN (Pure Ti), 6 kN (Ti-39Nb) and 8 kN (Ti-6Al-4V). These results demonstrate
that, although increased porosity leads to a marked reduction in stiffness and compressive strength,
the deformability and homogeneous distribution of stresses (Figure 4.14, 4.15, 4.16 and table 4.4) in
the gyroid geometry promote a more stable response to loading, reflecting highly ductile behavior
(Figure 4.15). However, such high levels of porosity make these structures unsuitable for significant
load-bearing applications, such as structural implants, despite the benefits in terms of lightness and

permeability.
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Table 4.4 — Compression load and displacement of cylinders of pure Ti, Ti-6Al-4V ELI and Ti-
39Nb produced by laser powder bed fusion.

Material Structure Maximum Maximum

compression load (kN) displacement (mm)

PureTi Bulk 54 +1 40
Gyroid 50% 28 2 10+0
Gyroid 65% 8 +1 10+0
Gyroid 75% 31 10+0
Voronoi 50% 12 +1 10+0
Voronoi 65% 6 =1 10+0
Voronoi 75% 2+1 10+0
Ti-6Al-4V ELI Bulk 95 £2 2+1
Gyroid 50% 49 £2 2+0
Gyroid 65% 14 +1 10+0
Gyroid 75% 82 10+0
Voronoi 50% 25 %2 10+0
Voronoi 65% 14 =1 10+0
Voronoi 75% 6 =1 10+0
Ti-39Nb Bulk 614 61
Gyroid 50% 24 £3 10+0
Gyroid 65% 12 %2 10+0
Gyroid 75% 6 +1 10+0
Voronoi 50% 20 +2 10+0
Voronoi 65% 81 10+0
Voronoi 75% 10 10+0

Regarding the Voronoi structures, their overall mechanical behavior is less rigid than that of gyroid,
although the scaffolds have similar ductility. Voronoi Structure has shown a disadvantage from a
structural point of view. For Voronoi with 50% porosity, pure Ti withstood approximately 12 kN, while
Ti-39Nb showed a maximum compression load of 20 kN, and Ti-6Al-4V approximately 25 kN of
maximum load, showing a substantial decrease compared to gyroid with the same porosity fraction. In
Voronoi with 65% porosity, the maximum compression loads were 6 kN for pure Ti, 8 kN for Ti-39Nb,
and 14 kN for Ti-6Al-4V. Finally, for porosity of 75%, even lower values were recorded: approximately
2 kN (Pure Ti), 1 kN (Ti-39Nb) and 6 kN (Ti-6Al-4V).
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Figure 4.15 - Structures after compression tests organized by material (pure Ti, Ti-39Nb and Ti-6Al-
4V ELI), with the porous geometries (gyroid and Voronoi) and porosity level (50%, 65% and 75%).

In most cylinders’ porous structures, an initial peak load is observed, followed by a plateau region
where the load stabilizes or decreases slowly as the structure progressively deforms. In other cases,
especially in Voronoi and Ti-6Al-4V cylinders, abrupt drops in the compression load occur, indicating
localized collapse or fracture of structural elements of the porous geometry. In general, increasing
porosity reduces the peak load and energy absorbed until densification. The geometry of the porous
structure also strongly influenced the response to compression, with gyroid structures tending to exhibit
higher peaks and smoother plateaus (more homogeneous load distribution), while the cylinders with
Voronoi structure showed more heterogeneous responses with localized collapses (Bora et al., 2023;
Yongyue Li et al., 2024; Peng et al., 2024; Rehman et al., 2025).

Pure Ti and Ti-39Nb alloys generally showed a more ductile and stable behavior, without the
marked presence of successive peaks and valleys. In contrast, the Ti-6Al-4V alloy exhibited marked
and repeated oscillations in the load-displacement curve of the porous cylinders, characteristic of a
progressive and discontinuous collapse of the structure. These oscillations (reflected by peaks and
valleys) are related to a process of loss and regaining of load support throughout the compression test,
suggesting that the Ti-6Al-4V suffered multiple localized failures and internal stress redistributions. This
behavior is associated with the more brittle nature of the material, possibly due to the presence of the
martensitic a’ (alpha line) phase, as observed in the Ti-6Al-4V without subsequent heat treatment. The
formation of o’ Ti-based materials leads to higher mechanical strength, but also to reduced ductility, a
factor that favors sudden fractures in regions of high stress concentration. This phenomenon explains
the irregular pattern observed: as thinner structural elements are compressed, the curves show a peak;
when connections within the structure fracture, there is an abrupt drop (valley), with the load being
transferred to other regions of the structure that are still intact, giving rise to new peaks and valleys in

sequence.
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Figure 4.16 — Compression curves of (A) gyroid with 50% porosity (B) gyroid with 65% porosity (C)
gyroid with 75% (D) Voronoi 50% porosity (E) Voronoi 65% porosity (F) Voronoi 75% porosity. Blue,
green, and orange curves are pure Ti, Ti-6Al-4V ELI and Ti-39Nb alloys, respectively.

The SEM images of the cylinders with Voronoi and gyroid porous structured, organized by

material, is shown in Figures 4.17 and 4.18, confirming the failure modes inferred from the curves.
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Figure 4.17 —The effects of the load exerted in the compression test on each gyroid structures: (A) pure
Ti gyroid 75%, (B) pure Ti gyroid 65%, (C) pure Ti gyroid 50%, (D) Ti-6Al-4V gyroid 75%, (E) Ti-6Al-4V
gyroid 65%, (F) Ti-6Al-4V gyroid 50%, (G) Ti-39Nb gyroid 75%, (H) Ti-39Nb gyroid 65%, (I) Ti-39Nb
gyroid 50%.
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Figure 4.18 - The effects of the load exerted in the compression test on each Voronoi structures: (A)
pure Ti Voronoi 75%, (B) pure Ti Voronoi 65%, (C) pure Ti Voronoi 50%, (D) Ti-6Al-4V Voronoi 75%,
(E) Ti-6Al-4V Voronoi 65%, (F) Ti-6Al-4V Voronoi 50%, (G) Ti-39Nb Voronoi 75%, (H) Ti-39Nb Voronoi
65%, (1) Ti-39Nb Voronoi 50%.

In the pure Ti geometries (Figure 4.17 (A), (B) and (C) and Figure 4.18 (A), (B) and (C), the images
show structures with surface roughness, but without massive fracture. The faces remain parallel to each
other, and on one side of the structure, the pores were compressed-closed, while on the other side,
they were open, causing some to fracture. This is consistent with deformation due to curvature of the
structures and intermediate behavior in the curves (moderate peaks and plateaus without catastrophic
drops). On the other hand, for Ti-6Al-4V (Figure 4.17 (D), (E) and (F) and Figure 4.18 (D), (E) and (F),
the images show areas with fragmentation and debris at the interface between pores, and the junction
surfaces appear with fractured areas. These characteristics explain the sudden drops in force observed
in several curves (collapse due to fracture). The microstructure resulting from L-PBF and the possible
increase in local fragility favor fracture rather than deformation. Finally, the Ti-39Nb structures (Figure
4.17 (G), (H) and (I) and Figure 4.18 (G), (H) and (l), through SEM image analysis, compressed and
bent structures are observed without abrupt fractures. The surface appears less fragmented, which
explains the smoother compression load-displacement curves and indicates good energy dissipation,

having a more progressive and ductile behavior (Lisboa Batalha, 2019).

Each combination of material-geometry-porosity has clinical advantages and disadvantages. The
Ti-6Al-4V ELI alloy demonstrated high compressive strength and potential for use in locations and
applications subject to high loads, however, the risk of localized failure and stress shielding due to its
high modulus is notable. Pure Ti exhibits worst behavior of these three materials, but it is an excellent

choice for implants, so much so that there are implants already manufactured with pure titanium, such
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as hip implants and heart valves. Finally, the beta Ti-39Nb alloy has the most ductile behavior with the
lowest Young’'s modulus of the investigated materials, indicating a reduced risk of stress-shielding and
offering good energy absorption, which are desirable characteristics for implants aimed at bone
integration. However, attention must be paid to the load applied (D. Chen et al., 2022; H. H. Cheng et
al., 2024; Gonzalez-Guillén et al., 2024; Rehman et al., 2024). Regarding the porous structure, gyroid
geometry, because it distributes stress evenly, is preferable for implants that require structural safety,
unlike Voronoi geometry, which can be used where controlled collapse or greater permeability is
desired, but requires reinforcement in critical regions (Issariyapat et al., 2023). Finally, the internal and
surface quality of the porous structures should be taken into account, together with the process-
microstructure-property relationship obtained when such geometries of biocompatible Ti-based alloys
are produced using laser powder bed fusion (Araya et al., 2024; B. Deng et al., 2025; Gandhi et al.,
2025; Herath et al., 2021; J. Li et al., 2024; Papazoglou et al., 2024; Zluhan et al., 2025)
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Chapter 5

Conclusions

This chapter presents the final conclusions obtained from the comparative study carried out with
three biocompatible materials (pure Ti, Ti-6Al-4V and Ti-39Nb), in combination with two different
geometries (Voronoi and Gyroid) and different levels of porosity (50%, 65% and 75%) and produced by
laser powder bed fusion (L-PBF). The integrated analysis of these factors demonstrated their impact
on mechanical, microstructural and functional properties, with a special focus on their suitability for
application in orthopedic implants. Based on the results obtained by microstructural analyses (OM and
SEM-EDS), mechanical tests (tensile and compression) and fractography analyses (SEM), it was
possible to identify the advantages and limitations of each material and geometric configuration,

providing a critical and informed view of their potential in the biomedical context.

From the microstructural analysis, it was concluded that pure titanium exhibited a predominant a
phase, Ti-6Al-4V presented a dual a+f microstructure, and Ti-39Nb showed a single B phase. The
presence of the B phase in Ti-39Nb resulted in enhanced ductility, highlighting its potential suitability for

biomedical implant applications.

The results of the tensile tests showed significant differences between the three alloys studied,
reflecting the impact of microstructure and chemical composition on mechanical properties. The Ti-6Al-
4V ELI (Gr23) alloy had the highest mechanical strength values, with UTS = 1165 + 53 MPa (H) and
1117 £ 21 MPa (V), and YS = 1085 + 48 MPa (H) and 1041 + 17 MPa (V), besides the highest stiffness
with Young's modulus of 109 + 1 GPa (H) and 106 + 3 GPa (V), confirming its more rigid and resistant
nature, although accompanied by lower ductility (10 + 1% (H) and 14 + 1% (V)). Pure Ti (Gr2) presented
similar Young’s modulus (109 + 1 GPa (H) and 106 + 3 GPa (V)), but with lower tensile strength (UTS
=663 + 33 MPa (H) and 666 + 21 MPa (V); YS = 553 + 31 MPa (H) and 553 £+ 21 MPa (V)). On the
other hand, it stood out for its high ductility, with elongations of 22 + 1% (H) and 23 £ 2% (V). The Ti-
39Nb alloy showed an optimal compromise between stiffness, strength and ductility. The Young's
modulus was 77 £ 2 GPa (H) and 73 = 4 GPa (V), which is significantly closer to that of cortical bone
(~10 GPa).

In compression tests, the bulk Ti alloys showed greater strength and stiffness, with none reaching
the imposed deformation limit (33%). The average yield stress values were 688 + 6 MPa (pure Ti), 1237
+ 19 MPa (Ti-6Al-4V) and 748 + 41 MPa (Ti-39Nb), confirming the greater strength of Ti-6Al-4V, the
superior ductility of Ti-39Nb and the lower strength of pure Ti. With the introduction of porous structures,
a marked reduction in stiffness and maximum supported compression load was observed, proportional
to the level of porosity. In gyroid structures with 50% porosity, the maximum loads reached
approximately 28 kN (pure Ti), 24 kN (Ti-39Nb), and 49 kN (Ti-6Al-4V). With 65% porosity, the values
decreased to 8 kN (pure Ti), 12 kN (Ti-39Nb) and 14 kN (Ti-6Al-4V), while at 75% porosity they reached
3 kN (pure Ti), 6 kN (Ti-39Nb) and 8 kN (Ti-6Al-4V). Despite the decrease in the compression resistance
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with increasing porosity, the gyroid geometries exhibited more stable behavior, characterized by
progressive collapse, homogeneous stress distribution and greater energy absorption capacity. On the
other hand, Voronoi structures exhibited lower rigidity and localized collapses, a consequence of
geometric irregularity and the concentration of stresses on the most fragile connections. At 50%
porosity, the maximum loads were 12 kN (pure Ti), 20 kN (Ti-39Nb) and 25 kN (Ti-6Al-4V); at 65%, 6
kN (pure Ti), 8 kN (Ti-39Nb) and 14 kN (Ti-6Al-4V); and at 75%, 2 kN (pure Ti), 1 kN (Ti-39Nb) and 6
kN (Ti-6Al-4V).

Regarding the raw materials used in L-PBF processing, it was noticed that the pure Ti and Ti-6Al-
4V powders had a predominantly spherical morphology, while the mixture for Ti-39Nb contained

irregular Nb particles. However, the mechanical properties weren'’t affected.

In fractographic analysis, the Ti-39Nb alloy exhibited ductile fracture behavior, characterized by
deep and extensive dimples, confirming its high plastic deformation capacity prior to rupture. Ti-6Al-4V,
on the other hand, exhibited more brittle behavior, consistent with its o’ microstructure. Thus, beta-Ti
alloy such as Ti-39Nb is a promising candidate for load-bearing implants, reducing the risks of implant

rejection and failure.

The Ti-39Nb offered superior mechanical performance under compressive stress, making it ideal
for high-stress and load-bearing applications. Provided good mechanical strength and ductility but with
a lower UTS, which may be advantageous for initial bone integration but needs careful management to
avoid long-term mechanical implant performance. The Ti—6Al-4V alloy showed higher strength but
lower ductility. Pure Ti presented the lowest strength and the highest ductility, indicating that its use as

structural implant is strongly dependent on the loads involved.

Porous structures, especially the gyroid, showed significant potential in achieving elastic modulus
even closer to cortical bone, while maintaining adequate mechanical strength. The geometric continuity
of gyroid favors load transfer, thus representing a safety factor. On the other hand, Voronoi structures
showed to have inferior mechanical properties to gyroids in all fields and are therefore not

recommended for use in lifetime or long-life implants.

The L-PBF technology was proven to be an effective manufacturing route with great potential to
produce geometrically complex parts of beta Ti alloys, allowing for porosity control and implant
customization. Despite inherent challenges, such as residual stress and local heterogeneities, that
technology has demonstrated feasibility for biomedical applications, mainly due to its high level of
precision and freedom to produce customized geometries. New parameters must be continuously

investigated to improve the mechanical behavior of these alloys.

In summary, it can be concluded that the Ti-39Nb alloy, manufactured by L-PBF combined with
an engineered porosity with gyroid 65% architecture, is a technically promising solution for orthopedic
implants, reducing the stress shielding effect without compromising mechanical integrity. The significant
reduction in the modulus of elasticity (77 £ 2 GPa in the horizontal orientation and 73 £ 4 GPa in the
vertical orientation) and the high ductility confirms that the Ti-39Nb alloy is a viable alternative to

traditional Ti-6Al-4V, especially in contexts with intermediate loads that require biomechanical
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compatibility between the implant and the bone.

Finally, this study reinforces the importance of research into titanium B alloys and customized
porous structures produced by additive manufacturing, paving the way for future work aimed at
optimizing manufacturing parameters, in vitro and in vivo evaluation of biological response, and the
development of implants with superior mechanical and clinical performance. Further research is
recommended to explore advanced surface modification techniques, such as nano-structuring or
coatings, to further enhance biocompatibility and long-term in vivo performance. Investigations into
long-term fatigue behavior under cyclic physiological loading and comprehensive in vivo studies are
necessary to validate the clinical applicability of these alloys. Numerical modeling and simulation of melt
pool dynamics and microstructure evolution could offer deeper insights into defect formation
mechanisms and optimization pathways.
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