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Introduction

The demand for implantable biomaterials is increasing due to advances in healthcare
and the rising life expectancy. Bioimplants are designed to interact with biological
systems for therapeutic, diagnostic, or regenerative purposes (Geetha et al., 2009).
Among the available biomaterials, metallic implants remain essential in orthopedic
applications due to their high mechanical strength, fracture toughness, and wear
resistance. Traditionally, stainless steel and cobalt-chromium alloys served as the
primary choices due to their strength and manufacturability (Al-Shalawi et al., 2023;
Chen et al, 2015). However, these materials exhibit high elastic modulus,
susceptibility to corrosion, and limited biocompatibility. On the other hand, Ti-based
alloys are gaining importance due to their excellent biocompatibility, mechanical
strength, and superior corrosion resistance (Jakubowicz, 2020). Nevertheless, the
commonly used Ti-6Al-4V implants raise concerns related to the release of vanadium
(V) and aluminium (Al) ions, which are associated with cytotoxic and neurological
effects. In addition, Ti-6Al-4V implants exhibit a relatively higher elastic modulus
(~110 GPa) than that of cortical bone (10-30 GPa). This modulus mismatch causes
stress shielding, where the stiffer implant carries most of the load, leading to bone
resorption, implant loosening, and eventual long-term failure. These limitations have
motivated the development of low-modulus B-Ti alloys using non-toxic elements such
as niobium (Nb), tantalum (Ta), molybdenum (Mo), iron (Fe), and copper (Cu) (Baltatu
et al., 2015; Ji et al., 2020; Yilmaz et al., 2018).

Among different B-Ti alloys, Ti-Nb alloy has received significant attention due to its
low elastic modulus, excellent biocompatibility, and high corrosion resistance owing
to the protective Nb205 surface film. Literature based on the molybdenum
equivalence (Moeq) indicates that B-phase stabilization is achieved at Nb content of
approximately 40 wt.% or higher (Wang et al., 2017). Consequently, the B-phase
stabilized Ti-Nb alloy exhibits an elastic modulus of 57-116 GPa, resulting in reduced
stiffness. Thus, the Ti-Nb alloy has evolved as a promising choice for orthopedic
applications (Chang et al., 2016; N. Singh et al., 2024). Similar to Nb, Fe is an effective
B-phase stabilizer in Ti-alloys. However, its usage should be limited to 5 wt.% to avoid
intermetallic phase formation (Kim et al., 2024). Studies on Fe-modified Ti-Nb cast
and spark plasma sintered alloys reported favorable B-phase formation with desirable
mechanical and corrosion properties (Ehtemam-Haghighi et al., 2016; Haq et al.,
2024; Lopes et al.,, 2016). However, conventional manufacturing methods offer
limited geometric flexibility for implant design and limit the fabrication of patient-
specific implants (Ahmad et al., 2024; Balasubramani et al., 2025).

In this regard, selective laser melting (SLM), a laser-based powder bed fusion
technique, offers an effective alternative for the fabrication of patient-specific
implants. Despite its advantages, the SLM technique for implant fabrication is
constrained by its dependence on prealloyed powders. In general, gas-atomized pre-
alloyed powders are expensive and offer limited compositional flexibility. In addition,
processing elements with vast differences in melting point pose challenges during
atomization (Feng et al., 2024; Zerwas et al., 2024). Therefore, the use of elemental
powders has emerged as a cost-effective alternative, offering greater compositional
flexibility and facilitating in-situ alloying (Sharkeev et al., 2016; Subramanian et al.,
2023). In the case of SLM fabrication of Ti-Nb alloy using elemental powders,
challenges arise due to the higher melting point of Nb (2460 °C) than Ti (1680 °C).



Previous studies on SLM fabrication of Ti-10-30Nb, Ti-35Nb, Ti-41Nb, and Ti-40.5Nb
(in wt.%) alloys from elemental powders have reported incomplete melting and
segregation of Nb particles, resulting in microstructural heterogeneity and
anisotropic mechanical properties (Borgman et al., 2021; Fischer et al., 2016; S. Huang
et al.,, 2022; J. Wang et al., 2021). Thus, achieving homogeneous, low-modulus B-Ti
alloys via elemental-powder-based SLM remains challenging. Furthermore, Ti-Nb-
based implants are inherently bioinert and require surface modification to improve
osteointegration (Cardoso et al., 2024; Molaei et al., 2022). Among the available
surface modification techniques, plasma electrolytic oxidation (PEO) is particularly
attractive for biomedical applications. The substrate-integrated oxide layer formed
during the PEO process promotes early-stage cell attachment, improving
osteointegration (Ni et al., 2008; Nisar et al., 2024; Yao et al., 2019). PEO coatings on
conventionally processed Ti-Nb alloy have been investigated (Lokeshkumar et al.,
2023; Maciej et al., 2023). However, investigations on the PEO coating behavior of
SLM-fabricated Ti-Nb alloys have not yet been reported. Based on the current state-
of-the-art, several research gaps were identified and are stated below.

1. Studies showing SLM of Ti-Nb from elemental powders have not reported
the complete melting and alloying of Nb with a homogeneous
microstructure.

2. Investigations on the SLM fabrication of Fe-incorporated Ti-Nb (Ti-35Nb-
SFe) alloy from elemental powders and the role of Fe on the S-stability,
mechanical properties, and passive film stability remain unexplored.

3. Surface modification and its influence on osseointegration of SLM-produced
Ti-Nb alloys have not been reported.

Thus, the goal of this thesis is to develop a low-modulus B-TiNb-based alloy from
elemental powder using SLM with improved properties for orthopedic applications.
This study focuses on achieving microstructural homogenization, improving
mechanical and passivation behavior, and enhancing bioactivity. To achieve these
goals, it is hypothesized that a remelting strategy during SLM will promote complete
melting and diffusion of Nb particles, resulting in microstructural homogeneity. The
addition of 5 wt.% Fe (Ti-35Nb-5Fe) is expected to enhance [B-phase stability,
decrease elastic modulus, and reduce feedstock cost by partially replacing the costlier
Nb. Alloying with Fe is also expected to modify the passive film chemistry and improve
passivation stability in a simulated physiological environment. Furthermore, PEO-
based surface modification with hydroxyapatite (HAp) is expected to improve in-vitro
cell viability. Thus, the goal of this thesis work can be achieved by following specific
objectives.

1. Investigate the effect of SLM remelting strategy on the complete melting of
Nb particles in Ti-40Nb alloy and evaluate the microstructural
homogenization.

2. Evaluate the influence of 5 wt.% Fe addition on f-phase stability of Ti-Nb (Ti-
35Nb-5Fe) and compare its mechanical properties with Ti-40Nb alloy.

3. Compare the passivation behavior of Ti-40Nb and Ti-35Nb-5Fe alloys in
simulated physiological conditions.

4. Develop PEO coating on SLM fabricated Ti-40Nb alloy and assess the
influence of HAp addition on in-vitro cell viability.

To achieve the specific objectives outlined above, the following methodology was
adopted. For objective 1, single- and triple-melting strategies are used in SLM
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fabrication of Ti-40Nb from elemental powders. Phase constituent is analyzed using
X-ray diffraction. Microstructural homogenization and elemental distribution are
characterized using SEM and EDS. Defect reduction, particularly porosity, is
quantified using microCT analysis. Hardness distribution across the sample surface is
evaluated using Vickers microhardness. For objective 2, microstructural evaluation
was done by SEM and EBSD. Mechanical behavior is assessed using compression
testing. Passivation stability is evaluated using electrochemical studies in a simulated
physiological environment. For objective 3, surface modification is performed using
the PEO process with and without HAp addition. Coating morphology and
composition are characterized using SEM and EDX analysis. The cellular response on
the coated sample is evaluated through in-vitro Alamar blue assay cell viability
studies.

The novelty of the thesis lies in the use of elemental powder and a remelting
strategy for SLM fabrication of a low-modulus B-TiNb-based alloy. In addition, it
signifies the role of Fe incorporation in improving B-phase stability, mechanical
performance, and passive film behavior. Overall, this work establishes a process-
microstructure-property relationship for the development of Ti-Nb-based alloys for
long-term orthopedic applications. The thesis is organized as follows. Chapter 1
presents a detailed literature review on the topic, followed by Chapter 2, presenting
the materials and methods used in the thesis work. Chapter 3 is divided into three
sections. Section 3.1 discusses the effect of remelting on the microstructural
homogenization of Ti-Nb alloy. Section 3.2 discusses the effect of Fe addition on the
mechanical properties and electrochemical passivation behavior in a simulated
physiological environment. Section 3.3 discusses the effect of surface modification on
coating characteristics and in-vitro cell viability. Chapter 4 provides the conclusion,
summarizing the major findings, and Chapter 5 outlines the future scope of the work.
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Abbreviations

AM Additive Manufacturing

ASTM American Society for Testing and Materials
BIT Binder Jetting

CAD Computer-Aided Design

CvD Chemical Vapor Deposition

DED Direct Energy Deposition

EBM Electron Beam Melting

EDX Energy Dispersive X-Ray Spectroscopy
EIS Electrochemical Impedance Spectroscopy
FBS Fetal Bovine Serum

FWHM Full Width at Half Maximum

HAADF High-Angle Annular Dark-Field

ICPOES Inductively Coupled Plasma Optical Emission Spectroscopy
IFFT Inverse Fast Fourier Transform

LPBF Laser Powder Bed Fusion

MEX Material Extrusion

MIT Material Jetting

ocp Open Circuit Potential

oM Optical Microscopy

PBF Powder Bed Fusion

PDP Potentiodynamic Polarization

PEO Plasma Electrolytic Oxidation

PS Phosphate-Silicate

PSHA Phosphate-Silicate-Hydroxyapatite
PVD Physical Vapor Deposition

SBF Simulated Body Fluid

SCE Saturated Calomel Electrode

SEM Scanning Electron Microscopy

SHL Sheet Lamination

SIM Stress-Induced Martensite

SLM Selective Laser Melting

SM Single Melting

SS Stainless Steel

TEM Transmission Electron Microscopy
™ Triple Melting

VPP Vat Photopolymerization

WEDM Wire Electrical Discharge Machining
XPS X-Ray Photoelectron Spectroscopy
XRD X-Ray Diffraction Patterns
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1 Literature review

1.1 Biomaterials for orthopedic applications

Biomaterials are essential for the repair and replacement of damaged
musculoskeletal tissues. In particular, orthopedic implants are designed to restore
structural stability and functional mobility of the skeletal system. These implants
function as long-term load-bearing structures and must maintain mechanical
integrity while remaining compatible with surrounding biological tissues (Marin et al.,
2025). For reliable in-vivo performance, materials selected for orthopedic
applications must meet stringent mechanical and biological criteria. They should
withstand cyclic physiological loading, exhibit wear resistance, and remain stable
against corrosion in the physiological environment. In addition, the material must be
biocompatible, ensuring that implants do not trigger inflammation, cytotoxicity, or
immune responses (Choi et al., 2023; Sidambe, 2014). Depending on the clinical
requirements, implants are fabricated from metals, polymers, ceramics, and
composite systems, each offering specific advantages and inherent limitations (Lele
et al., 2024). Among available biomaterials, metallic materials remain the primary
choice for load-bearing orthopedic applications. Their high strength, biocompatibility,
and long-term structural stability make them suitable for implants such as fixation
plates, intramedullary nails, spinal rods, and joint replacements. Metals offer higher
strength and fatigue resistance than polymers and ceramics under cyclic loading.
Consequently, metallic biomaterials continue to play a dominant role in the
development of long-term orthopedic implants (Fan et al., 2024; Marin et al., 2025).

1.1.1 Metallic implant materials

The metallic materials commonly used in orthopedic implants include medical-grade
stainless steels (SS), cobalt-chromium (Co-Cr), titanium (Ti) and its alloys, and
magnesium-based degradable alloys (Nakano, 2010). Figure 1.1 shows a schematic of
commonly used metallic implants in orthopedic applications.

Artificial skull

Dental
Mandible plaie * implant

/7 / ’h\houlder
R joint
Elbow_\ !

\
joint Finger

( <’ joint
HIPJOInt ‘\
\_,, 6°p dlC‘ Q\% Splnal
n' ¥ fixture
Knee joint }‘, 11 — 1 :
\[i

Ankle joint  Fixture plates
and screws

Figure 1.1. Schematic representation of the metallic implants utilized in orthopedic
applications, adapted from (Nakano, 2010).
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Table 1.1 provides a comparative overview of the advantages and disadvantages
of widely used metallic biomaterials for orthopedic applications. These materials
often incorporate elements such as cobalt (Co), chromium (Cr), nickel (Ni), and
vanadium (V). The release of these metallic ions due to corrosion in physiological
environments may lead to hypersensitivity reactions, cytotoxic effects, or adverse
tissue responses. For instance, SS316L and Co-Cr alloys are susceptible to dissolution
in physiological fluids, releasing Ni, Co, and Cr ions that have been associated with
dermatitis, carcinogenic risks, or local inflammatory responses (Yi et al., 2025). In
addition to biological concerns, the high elastic modulus of SS316L and Co-Cr alloys
relative to that of natural bone (~30 GPa) can lead to stress shielding (Arabnejad et
al., 2017). Moreover, SS316L exhibits limited fatigue strength and wear resistance,
limiting its long-term use in orthopedics. These limitations led to the development of
Ti and Ti-based alloys that provide mechanical stability, biocompatibility, and
excellent corrosion resistance. In addition, their elastic modulus is lower than that of
SS316L and Co-Cr alloys, thereby reducing stress shielding (Niinomi et al., 2011)

Table 1.1. Advantages and disadvantages of common metallic biomaterials used in orthopedic
implants, adapted from (Chen et al., 2015).

Material  Advantages Disadvantages Elastic Density
modulus  (g.cm3)
(GPa)

Co-Cr Excellent wear resistance, Very high stiffness, ~240 8.5

high strength and fatigue  potential Co/Cr ion
resistance, stable passive  release and associated

film. biological risks,
expensive, and difficult
to machine.
SS316L Low cost, good corrosion  High elastic modulus ~200 8
resistance, good strength  leading to stress
for temporary implants, shielding effect, release
availability, and easy of Ni and Cr ions,
fabrication. susceptibility to pitting

and fatigue corrosion,
and limited long-term

performance.

Tiand Ti-  Excellent Lower wear resistance, ~110 4.4
based biocompatibility, forming  may deform under high
alloys a stable TiO; passive load, still stiffer than

layer; low modulus, low bone, relatively high

density, and excellent material cost

corrosion resistance in

saline environments.
Mg and Biodegradable, modulus Rapid corrosion in ~40-50 2
Mg- like natural bone, physiological
based potential to eliminate environments,
alloys revision surgery, and insufficient mechanical

lightweight. strength for major load-

bearing sites, and
hydrogen gas evolution
during degradation.
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1.1.2 ATi alloys for implant applications

Ti and its alloys are widely used in implants owing to their combination of strength,
corrosion resistance, and excellent biocompatibility (Elias et al., 2008). Pure Ti
exhibits allotropic behavior, with a hexagonal close-packed (hcp) a-phase at room
temperature that transforms to a body-centered cubic (bcc) S-phase above 882 °C.
The a¢=> fphase transformation plays a key role in controlling the microstructure and
mechanical behavior of Ti alloys. Alloying elements modify the ftransus
temperature, enabling control of room-temperature phase stability. Based on their
effect on phase stability, alloying elements are classified as a-stabilizers, f-stabilizers,
and neutral elements. Figure 1.2 represents the effect of the alloying element on the
phase stability of the Ti alloy. a-stabilizers such as aluminium (Al), nitrogen (N),
carbon (C), and oxygen (O) increase the ftransus temperature by enhancing the
thermodynamic stability of the hcp structure, enabling the formation of the a-phase
at room temperature. The f-stabilizers decrease the ftransus temperature and
extend the stability of the bcc fphase. The fF-stabilizers are further divided into
isomorphous  elements  (Niobium  (Nb), Tantalum(Ta), Vanadium (V),
Molybdenum (Mo)), which have high solubility in Ti, and f-eutectoid elements
(Iron (Fe), Copper (Cu), Manganese (Mn), Chromium (Cr), Nickel (Ni), Silicon (Si)),
which have limited solubility and may form intermetallic phases. The neutral
elements like Sn, Zr, and Hf have a weaker effect on the a/f phase boundary.
However, they are generally used along with f-stabilizer, as it contributes to the
reduction of w-phase formation (Banerjee et al., 2013).

a-stabilizer B-stabilizer Neutral
B-isomorphous B-Eutectic
-~ B s A A
a+B B B B
+AB;
a a+p pla+BN/D 1A, @
o (1+AiBj

Ti Ti Ti Ti i
Alloy content a-HCP B-BCC

Figure 1.2. Schematic illustration of the effect of alloying elements on the phase stability of the
Ti alloys, adapted from (Banerjee et al., 2013).

Depending on the relative proportions of the o and f-phases at room temperature,
Ti alloys are classified as a, a+£, or S alloys. A further subdivision of near-a, near-g,
and metastable S alloys is also reported in the literature (Jackson et al., 2016). The
a$> ftransformation is highly sensitive to thermal gradients, alloying additions, and
the cooling rate imposed during the processing. Figure 1.3 displays a schematic
representation of the stability of different Ti phases as a function of [-stabilizer
concentration.

Based on the concentration of fstabilizer and processing conditions, the f-phase
may persist in a metastable or stable form at room temperature. When the
concentration of fstabilizer is low, rapid cooling promotes the formation of hcp o
martensite or orthorhombic a”. The martensite start temperature (Ms), which
increases with decreases in concentration of fS-stabilizer, explains whether the
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qguenched microstructure is fully or partially martensitic (Bignon et al., 2021). At
higher concentrations of f-stabilizer, the metastable £ matrix may transform to the
w-phase, which can nucleate athermally during quenching or evolve isothermally
during low-temperature aging. Although controlled w formation can enhance
strength, excessive w precipitation reduces ductility and impairs formability
(Dobromyslov et al., 2001). The mechanical properties of Ti alloys, particularly their
elastic modulus, are strongly influenced by the dominant phase fraction. The
increasing trend of the elastic modulus of different phasesof Tiisw>a>a' > a" > f.
The S-phase exhibits the lowest elastic modulus and provides improved mechanical
compatibility with bone. Consequently, extensive research has focused on developing
metastable ATi alloys in which the high-temperature S or f+a’ microstructure is
preserved at room temperature. Properly tuned £ alloys not only mitigate stress
shielding but also provide favorable strength-to-modulus ratios, making them highly
attractive for orthopedic applications (Qazi et al., 2005).

a alloy §a+B aIonE Metastable Stable B
: Balloy : alloy

Temperature

Ti Increasing B stabilizer concentration

Figure 1.3. Schematic representation of the stability of phases of Ti with respect to the
concentration of the f-stabilizer, adapted from (Jackson et al., 2016).

The retention of the fphase at room temperature is achieved by adding
stabilizing elements such as Nb, Ta, Fe, Co, V, Cr, Mn, Mo, Cu, Ni, and Sn. The electron-
to-atom (e/a) ratio is commonly used to predict phase stability and elastic modulus
of the ATi alloy. The e/a is the ratio of the average number of valence electrons per
atom. The predicted critical value of e/a that retains a complete S-phase at room
temperature is approximately 4.20. An e/a value above 4.20 could result in a
complete Bphase, thereby achieving a low elastic modulus in the #-Ti alloy. Figure
1.4 shows the relation between the e/a ratio, elastic modulus, and S-phase stability
in the Ti alloys. Lower e/a values may promote a” martensite formation, while
intermediate values may lead to w-phase formation, which increases stiffness (Liang,
2020).

16



Elastic modulus

-
4.0 4.1 4.2 4.3 4.4 4.5
efaratio

Figure 1.4. Schematic representation of the e/a ratio in Ti alloys, adapted from (Liang, 2020).

Another important and widely used parameter for predicting S-phase stability at
room temperature is the molybdenum equivalence (Mogg), in wt.%, as shown in the
relation (Zhou et al., 2018).

Mogq = Mo+ 125V +0.59 W + 0.28 Nb + 0.22Ta + 1.93 Fe + 1.84 Cr + 1.51 Cu +
246 Ni+ 2.67 Co+ 226 Mn+ 0.35n+ 0.47 Zr + 3.01 Si — 1.47 Al (1)

Several works have reported that Moeq above 10 results in metastable fphase at
room temperature. This relation is commonly used to design a ATi alloy with a low
elastic modulus. Although appropriate alloy design can reduce the elastic modulus,
implant performance also depends on biocompatibility and corrosion resistance.
Some [-stabilizing elements may exhibit cytotoxicity or adverse biological effects.
The biocompatibility and toxicity of commonly used alloying elements are
summarized in Figure 1.5 (Banerjee et al., 2013).

Element  Biocompatibility Cytotoxic Genotoxic Carcinogenic ~ Mutagenic Corrosion
prone
Ti Yes Mild No No No No
Cu No High Yes No Yes Yes
Co No High Yes Yes Yes Yes
Cr No High Yes Disputed Yes No
Fe Yes Mild Yes No Disputed No
Mn No High Yes No No No
Ni No High Yes Yes Yes Yes
Mo No Low Yes Disputed Yes Yes
Nb Yes Low No No No No
Sn Yes Low No No No No
\ No High Yes Yes Yes No
Ta Yes Low No No No No

Figure 2.5. Biocompatibility and toxicity of different [(-stabilizers in Ti alloys, adapted from
(Banerjee et al., 2013).

Considering biocompatibility and toxicity, Nb, Sn, Ta, and Fe are the preferred
alloying elements. Among these, Nb is particularly attractive for biomedical
applications due to its non-toxicity and ability to enhance mechanical properties
without compromising biocompatibility. Nb promotes the development of stable
passive films enriched in Nb,Os, which enhances corrosion resistance (Woldemedhin
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et al., 2012). Ti alloys containing approximately 35-45Nb (wt.%) typically retain a
metastable f-phase at room temperature. It exhibits a significantly lower elastic
modulus than conventional Ti alloys. In addition to Nb, Fe is also investigated as a
cost-effective fstabilizing element. Fe is a f-eutectoid stabilizer that enhances #
phase stability when added in small amounts. However, excessive Fe addition may
lead to intermetallic phase formation and deterioration of mechanical properties.
Therefore, Fe is generally limited to low concentration (<5 wt.%), where it contributes
to [-phase stabilization while maintaining favorable mechanical and corrosion
performance (Kim et al., 2024).

1.2 Selective laser melting of A-Ti alloys

Selective laser melting (SLM) has emerged as an advanced manufacturing technique
for producing complex and patient-specific Ti alloy implants. The advantages of SLM
are minimal material waste, high powder utilization efficiency, and unrestricted
geometric freedom, attributes that are not feasible through traditional
manufacturing routes (Zhou et al., 2019). The schematic representation of the SLM
setup is presented in Figure 1.6.

XY
scanning
monitor

Laser
source

Inert atmosphere

Gas flow Gas flow
Recoater Laser beam
A—

direction

feeder

Figure 1.6. Schematic representation of the basic components of an SLM machine, adapted
from paper |.

The SLM process fabricates components directly from computer-aided design
(CAD) models by selectively melting thin layers of metallic powder under an inert
atmosphere. During fabrication, a thin layer of powder is spread over the build
platform using a recoating system. A focused laser beam selectively scans and melts
regions defined by the CAD model, producing localized melting followed by rapid
solidification. After completing each layer, the platform lowers by a predefined
distance, and a new powder layer is deposited on the previously melted surface. This
sequence of powder deposition, selective melting, and platform displacement is
repeated until the entire part is printed. Upon completion of the printing, the
fabricated part is separated from the build substrate by mechanical cutting or the
wire electrical discharge machining process (Subramanian et al., 2023).
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One of the key characteristics of the SLM process is the extremely high cooling rate
(10 — 10° K.s?!) that promotes refined microstructures and metastable phase
formation. However, the rapid melting and solidification inherent to the SLM process
generate steep thermal gradients within the melt pool. Instability in melt-pool
dynamics can lead to defects such as porosity, lack-of-fusion regions, keyhole cavities,
and residual thermal stresses. These defects affect the mechanical performance and
long-term reliability of the implant. Consequently, the microstructure and properties
of SLM-fabricated implants are highly sensitive to processing parameters
(Subramanian et al., 2023). The critical parameters, including laser power (P),
scanning speed (v), layer thickness (t), and hatch spacing (s), are typically explained
by the volumetric energy density (J.mm3) expression as provided in paper I,

P (2)
vet-s

E =

Thus, achieving high-quality parts requires an optimal energy density tailored to
the specific alloy system. In addition to SLM process parameters, feedstock powder
characteristics strongly influence build quality. Particle morphology, size distribution,
flowability, purity, and packing density affect the powder spreading behavior and
energy absorption during SLM fabrication (Lewis, 2022). Among available powder
production methods, gas atomization is the most widely used due to its mass
producibility, reproducibility, reliability, and ability to produce spherical, high-purity
particles with homogeneous microstructure (Popovich et al., 2016). Despite their
reliability, pre-alloyed powders present several limitations. The production cost is
high due to the requirement for sophisticated atomization systems, high-purity inert
gases, and energy-intensive processing (Feng et al., 2024). Gas atomization of alloys
containing high-melting-point elements is challenging due to reduced melt flow, high
viscosity, and the risk of nozzle clogging. (Feng et al., 2024). Gas entrapment during
atomization may produce hollow particles or satellite structures, which reduce the
packing density of the powder layer (Soong et al., 2023). The limited kinetic energy
of the high-pressure gas used to disperse the molten stream influences the efficiency
of melt fragmentation, often resulting in reduced powder yield (Feng et al., 2024).
Producing powders with desired size ranges and morphologies requires process
control and operational expertise, posing additional barriers.

To overcome the drawbacks of pre-alloyed powders, researchers have focused on
in-situ alloying using blended elemental powders. Notably, in-situ alloying enables
direct mixing of elemental powders, thereby reducing material costs relative to pre-
alloyed powders. This approach is beneficial for alloys containing refractory elements
such as Nb, Ta, or Mo, whose high melting points make conventional powder
production economically and technically challenging (Mosallanejad et al., 2021).
Furthermore, it provides compositional flexibility, allowing alloy composition to be
varied by adjusting powder ratios. It enables rapid screening of composition-property
relationships and accelerates the development of novel biomedical alloys.

1.2.1 Selective laser melting of £Ti-Nb alloy

Among the available ATi alloys, Ti-Nb systems are widely explored as Nb acts as a
strong f-phase stabilizer in Ti alloys. Stabilization of the fphase is particularly
desirable for biomedical implants, as it enables a reduced elastic modulus that is
closer to that of cortical bone (Prashanth et al., 2017). Earlier studies on the SLM
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fabrication of ATi-Nb alloys have primarily employed pre-alloyed powders.
Investigations on compositions such as Ti-41Nb (wt.%) (Xu et al., 2022), Ti-42Nb
(wt.%) (Qiu et al., 2022), Ti-42Nb (wt.%) (Pilz et al., 2024), and Ti-45Nb (wt.%) (Akman
et al., 2024) reported the formation of relatively dense samples with minimal
processing defects. Due to the rapid solidification associated with SLM, the alloys
predominantly exhibited a fphase with refined and relatively homogeneous
microstructures. These findings demonstrate that SLM is capable of fabricating £-Ti-
Nb alloys with stable f-phase microstructures over a wide range of Nb compositions.
Figure 1.7 presents the scanning electron microscopy image of the Ti-41Nb alloy
fabricated by SLM, highlighting the relatively homogeneous microstructure as
reported by (Xu et al., 2022).

; -
¢ ’

Figure 1.7. SEM images of SLM-fabricated Ti-41Nb alloy using pre-alloyed powder, highlighting
the homogeneous [-phase microstructure in (a) normal direction and (b) build direction,
reproduced with permission from (Xu et al., 2022).

Owing to the earlier mentioned limitations and difficulties associated with the pre-
alloyed powders, the use of elemental powders has emerged as a promising
alternative for producing low-modulus ATi-Nb alloy. Several studies have
investigated the in-situ alloying of S-Ti-Nb alloys using elemental powders via SLM
fabrication. It includes different compositions such as Ti-40.5Nb (wt.%) (Fischer et al.,
2016), Ti-15, 25, and 45Nb (at.%) (Wang et al., 2017), Ti-35Nb (wt.%) (Wang et al.,
2019), Ti-25Nb (wt.%) (Zhao et al., 2020), Ti-35Nb (wt.%) (Wang et al., 2021), Ti-10-
30Nb (wt.%) (Borgman et al., 2021), Ti-34Nb (wt.%) (S. Huang et al., 2021), Ti-41Nb
(wt.%) (S. Huang et al., 2022), and Ti-28.5Nb and Ti-40Nb (wt.%) (Singh et al., 2024).
Microstructural analyses consistently report partially melted or unmelted Nb
particles in the Ti matrix due to the large difference in melting temperature and
density between Ti and Nb. Increasing energy density improves Nb dissolution but
promotes porosity, whereas lower energy density reduces porosity but increases the
fraction of unmelted Nb. Therefore, only a narrow processing window exists for
balancing Nb dissolution and defect formation. Consequently, achieving chemically
homogeneous S-Ti-Nb alloys through single-pass in-situ SLM processing remains
challenging. Figure 1.8. presents the scanning electron microscopy images of SLM-
fabricated (a) CP-Ti, (b) Ti-15Nb, (c) Ti-25Nb, and (d) Ti-45Nb alloys, highlighting the
presence of unmelted Nb and pores. The fraction of unmelted Nb particles increases
with an increase in Nb wt.% in the alloy.

The homogeneity of in-situ alloyed ATi-Nb alloys is sensitive to powder
characteristics such as particle size distribution, morphology, density, and flowability.
These factors influence powder spreading behavior and local energy absorption
during SLM processes. In addition to physical characteristics, differences in melting
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temperature, specific heat capacity, latent heat of fusion, thermal conductivity, and
laser reflectivity among alloying elements strongly influence melting and dissolution
dynamics. In the case of f-Ti-Nb alloy, the vast difference in melting temperature and
density between Ti and Nb presents a major challenge. The larger Nb particles often
remain partially unmelted under single laser exposure, leading to chemical
heterogeneity and elemental segregation. While finer Nb particles improve
dissolution kinetics, excessive refinement can adversely affect powder flowability and
increase the risk of powder bed instability. Although Marangoni convection within
the melt pool promotes solute mixing, its effectiveness is constrained by differences
in liquid-state density and viscosity of the alloying elements (Tang et al., 2025).

100 pm 100 pm

Figure 1.8. SEM images of SLM-fabricated (a) CP-Ti, (b) Ti-15Nb, (c) Ti-25Nb, and (d) Ti-45Nb
alloy, highlighting the presence of unmelted Nb and pores (yellow arrows), reproduced with
permission from (Wang et al., 2017).

To address the limitations associated with incomplete Nb dissolution and
microstructural heterogeneity, laser remelting strategies have been explored as an
alternative approach. Similar studies on Ti-25Ta (wt.%) (Brodie et al., 2020), Ti-12Mo
(wt.%) (Duan et al., 2021) and Ti-10Ta-5Cu, Ti-15Ta-5Cu, and Ti-20Ta-5Cu (wt.%)
(Polozov et al., 2024) demonstrated that repeated laser exposure increases melt-pool
lifetime and enhances Marangoni convection. This promotes improved diffusion of
refractory elements and better chemical homogenization. Although these studies
suggest that remelting reduces the fraction of unmelted particles and improves
densification, complete dissolution of high-melting-point elements such as Nb
remains challenging (S. Huang et al., 2019).

1.2.2 Mechanical properties of SLM-fabricated /Ti-Nb-based alloys

The phase stability and mechanical properties of the SLM-fabricated f-Ti-Nb-based
alloys are strongly influenced by the alloying elements. A summary of the phase
constitution and mechanical properties of these alloys is presented in Table 1.2.



Table 3.2. Comparison of phase constitution and mechanical properties of the SLM-fabricated
[Ti-Nb-based alloys. H represents hardness, E represents elastic modulus, Y represents yield
strength, T represents tensile testing, and C represents compression testing methods.

Composition  Powder Phase H(HV) E(GPa) Y(MPa)  Reference
(wt. %)
Ti-35Nb Prealloyed o, a”f 174 72 485 (Wang et al.,
(M 2022)
Ti-41Nb Prealloyed yij - 504 (Xu, et al.,
(C) 2022)
Ti-42Nb Prealloyed p - 65 701 (Pilz et al.,
(©) 2024)
Ti-45Nb Prealloyed  f 257 50 380 (Schwab et
(C) al., 2015)
Ti-25Nb Elemental- a3 264 83 645 (zhao et al.,
in-situ unmelted (T) 2020)
alloyed Nb
Ti-30Nb Elemental— a” B - 84 769 (Borgman et
in-situ unmelted (Q) al., 2021)
alloyed Nb
Ti-35Nb Elemental— o, a”, 3 274 84 648 (Wang et al.,
in-situ unmelted (T) 2021)
alloyed Nb
Ti-40Nb Elemental— g unmelted 278 81 344 (Singh et al.,
in-situ Nb (T) 2024)
alloyed
Ti-48Nb Elemental— a” 8 - 82 - (Sharkeev et
in-situ unmelted al., 2017)
alloyed Nb
Ti-25Nb-55n  Elemental- a” - 92 579-648  (Palaniappan
in-situ unmelted () et al., 2025)
alloyed Nb
Ti-35Nb-1Cu  Elemental— a, 259 49 729 (Jinetal.,
in-situ unmelted (T) 2024)
alloyed Nb
Ti-35Nb-3Cu  Elemental—- a, § TixCu, 253 51 772
in-situ unmelted (T)
alloyed Nb
Ti-35Nb-5Cu  Elemental— a, f§ TixCu, 289 65 836
in-situ unmelted (T)
alloyed Nb
Ti-34Nb- Elemental— a, S 208 52 610 (Kong et al.,
13Ta in-situ unmelted (T) 2021)
alloyed Nb
Ti-34Nb- Elemental- a, f 232 57 650
13Ta-5Zr in-situ unmelted (T)
alloyed Nb
Ti-34Nb- Elemental— a, g 259 66 741
13Ta-9Zr in-situ unmelted m
alloyed Nb

22



SLM-fabricated A-Ti-Nb-based alloys from pre-alloyed powder show Nb wt.%
dependent phase stability. The Ti-35Nb alloy exhibits a mixed a+a "+ phase, while
the Ti-41Nb, Ti-42Nb, and Ti-45Nb alloys exhibit a predominant S-phase. The
enhanced [ stability due to uniform and complete dissolution of Nb leads to a
decreasing trend in elastic modulus and compressive yield strength. In contrast,
phase stability in the SLM-fabricated 3Ti-Nb-based alloys from elemental powders is
influenced by the incomplete melting and dissolution of Nb particles. The insufficient
dissolution of Nb reduces effective f-phase stabilization during the in-situ alloying.
As a result, Ti-25Nb, Ti-30Nb, and Ti-35Nb alloys form a’/a” martensitic along with 3
phases and unmelted Nb particles, leading to increased elastic modulus and strength.
Though Ti-40Nb alloy exhibits a predominant fphase, complete dissolution of Nb
was not achieved. The stabilization of Sphase resulted in reduced elastic modulus
and tensile yield strength of the Ti-40Nb alloy. In addition to the Nb, the incorporation
of other [stabilizers like Sn, Cu, Ta, and Zr in the SLM-fabricated #Ti-Nb alloys
further influences the phase stability and mechanical properties. In Ti-25Nb-5Sn alloy,
Sn suppresses the w phase precipitation and retains a”+f phases, resulting in
increased tensile yield strength. In Ti-35Nb-Cu alloys, Cu promotes f-phase
stabilization and precipitation of Ti,Cu intermetallic phases. Increasing Cu content
raises yield strength and modulus, demonstrating precipitation-strengthening
effects. In Ti-Nb-Ta alloys, Ta stabilizes the B phase, resulting in reduced elastic
modulus, while Zr promotes grain refinement, thereby improving the strength of the
alloy. Regardless of different alloy additions, unmelted Nb particles persist in all £-Ti-
Nb-based alloys fabricated from elemental powder, leading to anisotropic
mechanical behavior.

1.2.3 Passivation behavior of SLM-fabricated £Ti-Nb alloys in physiological
environments

The passivation behavior of SLM-fabricated Ti-Nb-based alloys was investigated using
electrochemical methods in simulated physiological environments. The
electrochemical methods used in the literature are potentiodynamic polarization (PDP)
and electrochemical impedance spectroscopy (EIS). In general, the passivation behavior
of ATi-Nb-based alloys is typically characterized by low corrosion current density (lcorr)
from PDP and high polarization resistance (Rp) from EIS, indicating the formation of a
stable passive film. The SLM-fabricated Ti-35Nb alloy produced from pre-alloyed
powder and tested in Hank’s solution at 37 °C exhibited high passive behavior with a
low leorr (0.13 pA.cm™) and high R, values (2.70 MQ.cm?). TEM-EDS analysis revealed
that the passive film mainly consisted of Ti- and Nb-oxides, indicating the formation of
a stable mixed oxide passive film on SLM-fabricated Ti-35Nb. The Ti-42Nb alloy
fabricated from pre-alloyed powder and tested in phosphate-buffered saline (PBS)
exhibited an I of 0.53 pA.cm? and R, of 0.14 MQ.cm?, suggesting that S-phase
stability influences the passive film stability and passivation behavior. Ti-35Nb alloys
fabricated from elemental powder and tested in Hank’s solution showed a low I (0.15
uA.cm?) and high R, (2.88 MQ.cm?). The results indicate that the Ti-Nb oxide passive
film provides effective passivation behavior despite microstructural heterogeneity. Ti-
25Nb-55n alloy tested in simulated body fluid (SBF) showed a relatively high Icor (6.90
HA.cm2). The alloy contained a”+/ phases with unmelted Nb particles, suggesting that
microstructural heterogeneity and alloying additions influenced the passive film
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stability. The Ti-35Nb-7Zr-5Ta (Ummethala et al., 2021) tested in PBS, exhibited a stable
passivation behaviour. PDP analysis revealed a low leorr (0.23 pA.cm™), in physiological
media. Surface analysis carried out by Auger Electron Spectroscopy (AES) indicated that
the passive layer mainly consisted of Ti-rich and Nb-rich oxides (TiO, and Nb,Os), while
the contributions of Zr and Ta were relatively small. Ti-34.5Nb-6.9Zr-4.9Ta-1.4Si alloy
exhibited excellent passivation behaviour in PBS, as the alloy showed a lower lcor0f 0.28
HA.cm2. EIS analysis revealed the formation of a two-layer passive film, consisting of a
dense inner barrier layer and a porous outer layer. The results show that the addition
of Si improved passive film stability by increasing the barrier layer resistance. Overall,
SLM-fabricated fTi-Nb-based alloys exhibit stable passivation characterized by low lcorr
and high R, due to the formation of Ti- and Nb-oxide passive films. The passivation
behavior is strongly influenced by alloy composition, phase stability, and
microstructural homogeneity. Table 1.3 presents a comparison of the electrochemical
properties of #Ti-Nb-based alloys.

Table 4.3. Comparison of the electrochemical properties of SLM-fabricated [-Ti-based alloys. M
represents the medium, Icorr represents corrosion current density, Rp represents polarization
resistance, and PC represents passive film chemistry.

Alloy (wt.%) Phase M lcorr (PDP) R, (EIS) PC Referenc
(UA.cm?)  (MQ.cm?) e
Ti-35Nb a, o f Hank’s 0.13 2.70 TEM-EDS (Qin et
Pre-alloyed solution analysis al., 2021)
at 37°C Ti- and Nb-
oxide based
passive film
Ti-42Nb p PBS at 0.53 0.14 - (Akman
Pre-alloyed RT etal,
2024)
Ti-35Nb a,a” B Hank’s 0.15 2.88 - (Qin et
Elemental— unmelted solution al., 2021)
in-situ Nb at 37°C
alloyed
Ti-25Nb- a”, B SBF at 6.90 - - (Palaniap
5Sn unmelted 37°C pan et
Elemental- Nb al., 2025)
in-situ
alloyed
Ti-35Nb- p PBS at 0.18 0.025 AES analysis  (Ummet
7Zr-5Ta 37°C Ti- and Nb- hala et
Prealloyed oxide based  al., 2021)
passive film
Ti-35Nb—- B PBS at 0.35 1.02 - (Luo et
7Zr-5Ta RT al., 2025)
Prealloyed
Ti-34.5Nb- yij PBS at 0.28 1.42 -
6.9Zr-4.9Ta- RT
1.4Si
Prealloyed
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1.3 Surface modification of SLM-fabricated 4Ti-Nb alloy

Surface engineering of ATi-Nb alloys aims to improve osseointegration and bone-
implant interfacial bonding without compromising mechanical integrity or corrosion
resistance. STi-Nb alloys are inherently bioinert, which limits interaction with
surrounding tissues and affects long-term implant fixation. Consequently, surface
modification is required to enhance biological performance (Cardoso et al., 2024).
Conventional coating techniques often face limitations such as high cost, slow growth
rate, thin coatings, weak interfacial bonding, and difficulty in coating complex
geometries (Lokeshkumar et al., 2023). In this regard, plasma electrolytic oxidation
(PEO) has emerged as an effective surface engineering technique for £Ti-Nb alloys.
PEO is an electrochemical process that forms thick, ceramic-like oxide coatings
strongly bonded to the metallic substrate. The schematic representation of the PEO
setup is shown in Figure 1.9.
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Figure 1.9. Schematic representation of PEO setup.

Unlike conventional anodization, PEO operates at high applied voltages,
generating localized plasma micro-discharges that facilitate the incorporation of
electrolyte-derived species into the growing oxide layer. The PEO process generally
proceeds through three stages of oxide growth. Stage | corresponds to initial anodic
oxidation, where a thin and compact oxide layer forms on the surface as the voltage
increases. Stage Il begins at the dielectric breakdown voltage, where plasma micro-
discharges appear across the surface. These discharges cause localized melting of the
oxide layer and substrate, followed by rapid quenching in the electrolyte, which
promotes coating growth and densification. Stage Ill, often referred to as the micro-
arc stage, is characterized by continued oxide growth and increasing electrical
resistance of the coating (lkonopisov, 1977). The key parameters governing the PEO
process include applied voltage, current density, electrolyte composition, and
treatment time. These parameters control plasma discharge intensity and influence
coating morphology. Higher voltage and current density generally produce thicker
and more porous oxide coatings, whereas optimized conditions promote more
uniform and stable layers. Consequently, these parameters determine pore size,
surface roughness, phase composition, and overall coating performance, which
directly influence corrosion resistance and bioactivity. The PEO coatings typically
possess a porous outer layer and dense inner barrier layer, which improve corrosion
resistance and surface bioactivity. In addition, the porous structure increases surface
wettability, promoting cell attachment and fibroblast proliferation. Electrolyte
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chemistry plays a critical role in coating characteristics. Phosphate-based electrolytes
are widely used to improve corrosion protection on Ti alloys, while silicate-based
electrolytes enhance coating stability on Nb-containing alloys (Wu et al., 2022).
However, studies on the optimal electrolytes for PEO processing of Ti-40Nb alloys
remain limited. Lokeshkumar et al. (2023) reported that a phosphate-to-silicate ratio
of 50:50 produces dense and relatively thick coatings with improved corrosion
resistance on cast Ti-40Nb substrates. Furthermore, the incorporation of bioactive
hydroxyapatite (HAp) into PEO electrolytes has been reported to enhance
osteointegration. Thisimprovement promotes stronger bone-implant interaction and
contributes to long-term implant functionality (Ni et al., 2008; Yadav et al., 2022).
Consequently, PEO coatings exhibit enhanced passivation behaviour, corrosion
resistance, and biological activity (Zhang et al., 2020).

Several studies have investigated the PEO behavior on A-Ti alloys fabricated
through conventional processing routes, such as casting and powder metallurgy
(Chen et al., 2018; Kaseem et al., 2019; Maciej et al., 2023). These materials exhibit
equilibrium Bor a+fmicrostructures with coarse grain sizes and low defect densities.
Such microstructure features influence oxide growth kinetics and plasma discharge
behavior during the PEO process (Wu et al., 2023). In contrast, /Ti alloys produced
via SLM exhibit highly non-equilibrium microstructures formed under rapid
solidification and repeated thermal cycling (Maurya et al., 2022). These
microstructures contain retained metastable phases, refined grains, high dislocation
density, and significant chemical and crystallographic heterogeneity. Such features
significantly alter the substrate's local electrical conductivity and electrochemical
response. Consequently, they influence the plasma discharge initiation, intensity, and
spatial distribution during the PEO process (Sagidugumar et al., 2024). (Ferdyn et al.,
2025) investigated the influence of SLM-processed Ti-21Zr-19Nb microstructure on
PEO coating properties by comparing them with conventionally processed substrate.
The SLM substrate produced thicker and more uniform PEO coatings with larger
discharge pores, indicating stronger plasma discharge activity during oxidation. The
coatings also showed higher incorporation of O, Ca, and P species, forming bioactive
oxide/phosphate phases. These results demonstrate that the refined and defect-rich
SLM microstructure promotes coating growth, modifies coating morphology, and
enhances biological response. The cell culture was cultured in Dulbecco's Modified
Eagle Medium (DMEM) and stained after 7 days of incubation to evaluate the cellular
response. Figure 1.10 displays the fluorescence image of (a) control, (b) Ti-21Zr-19Nb
cast-PEO coated, and (c) Ti-21Zr-19Nb PEO-coated SLM samples after staining the
cells cultured in DMEM for 7 days.

(b)] | 100um | [{c)] 100pm |

Figure 1.10. Fluorescent image of (a) control, (b) Ti-21Zr-19Nb cast-PEO coated, and (c) Ti-21Zr-
19Nb PEO-coated SLM sample after 7 days of incubation in DMEM, reproduced with permission
from (Ferdyn et al., 2025).
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This study highlights that refined microstructures in SLM samples promote earlier
dielectric breakdown of the oxide layer (Singh et al., 2021). It accelerates the rise in
voltage and enhances micro-arc activity, resulting in thicker, denser coatings
compared with conventionally processed materials. These effects are attributed to
the increased number of charge transport pathways provided by grain boundaries,
dislocations, and phase interfaces, which facilitate localized plasma formation and
oxide growth (Pezzato et al., 2020). Despite these advances, systematic studies on
PEO coating formation specifically on SLM-fabricated Ti-40Nb ftype alloys remain
limited. The presence of a fphase structure with high defect density in SLM-
processed Ti-40Nb is expected to influence discharge behavior, coating morphology,
and functional performance relative to conventionally processed alloys. Addressing
this knowledge gap is essential to establishing structure-process-property
relationships linking SLM-induced microstructures with PEO coating characteristics.
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2 Materials and methods

2.1 SLM fabrication

Commercially pure titanium (CP-Ti, ~25 um, >99.9%, Nanoshell, UK), niobium (Nb,
~27 um, >99.9%, Pacific Particulate Materials Ltd., Canada) and iron powders (Fe,
~25 um, >99.9%, Materials Ltd., Canada) were used to prepare the elemental
feedstock powder for SLM fabrication of bulk sample. Elemental powders were
weighed and mixed to achieve a nominal composition of Ti-40Nb (60 wt.% Ti and 40
wt.% Nb) and Ti-35Nb-5Fe (60 wt.% Ti, 35 wt.% Nb, and 5 wt.% Fe). To ensure
compositional homogeneity, the powders were blended in a sealed polymeric
container using a low-energy mixer operated at 10 rpm for 24 h.

The bulk Ti-40Nb (TN) and Ti-35Nb-5Fe (TNF) samples were fabricated using an
SLM system (SLM 280 2.0, SLM Solutions). The machine incorporates a 700 W IPG
fiber laser with a wavelength of 1064 nm and a spot size of ~ 110 um. Sample
fabrication was carried out using the process parameters as mentioned in Table 2.1.

Table 2.1. Process parameters utilized for the SLM-fabrication of bulk samples.

Sample Power  Scan Hatch Layer Hatch Energy

designation (w) speed spacing thickness rotation density
(mm.s?) (mm) (mm) (°) (J.mm?3)

TN-S

TN-T 650 650 0.035 0.03 67 952

TNF-T

A stripe scanning strategy was applied to ensure uniform melt-track overlap and
controlled thermal input throughout the build. In the single melting (S) condition,
each layer was melted once, whereas in the triple melting (T) condition, each layer
was melted three times using identical process parameters and scan direction,
without hatch rotation. A schematic representation of the melting strategies is shown
in Figure 2.1.
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Figure 2.1. Schematic representation of remelting strategy utilized in the SLM-fabrication of
bulk samples, adapted from paper II.

During fabrication, the build chamber was continuously purged with high-purity
argon gas (99.9%) to minimize oxidation. The samples were fabricated on a 30 mm
thick pure Ti substrate and subsequently detached using wire electrical discharge
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machining (WEDM). Cubic samples measuring 5 x 5 x 5 mm were prepared for
subsequent microstructural and mechanical evaluations. In addition, cylindrical discs
of TN-T with a thickness of 2 mm were fabricated for surface modification studies.

2.2 Structural and microstructural characterization

Phase identification of the feedstock powder and the SLM-fabricated bulk samples
was carried out using an X-ray diffractometer (XRD, Bruker AXS) with Cu-Ka radiation
(A =1.54 A). Diffraction patterns were collected over a 26 range of 30°-90° with a step
increment of 0.02°. Quantitative phase analysis of the TN-S, TN-T and TNF-T was
performed using the Rietveld refinement method in Xpert Highscore Plus software.
Microstrain analysis was conducted on TN-S and TN-T samples using the Williamson-
Hall (W-H) method. The relationship is given by following equation (Khorsand et al.,
2011)

kA
Bcos 6 = 5} + 4esin 0 (3)

where D represents the crystallite size, k is the Scherrer constant (0.94), A is the
wavelength of the incident X-ray radiation, f corresponds to the full width at half
maximum (FWHM) of the diffraction peaks, @ is the Bragg angle, and ¢ denotes the
microstrain. A linear fit of fcosé versus 4sinf was used to extract the microstrain from
the slope of the resulting plot.

The SLM-fabricated samples were prepared using standard metallographic
techniques for microstructural characterization. Initially, the samples were
sequentially polished with silicon carbide (SiC) abrasive papers ranging from P400 to
P4000 grit. Final polishing was performed using a 0.05 um colloidal silica suspension
to achieve a mirror-quality surface. Porosity analysis on the unetched TN-S and TN-T
samples was carried out using optical microscopy (OM, Zeiss, Germany). Quantitative
OM image analysis was performed using Image) software to determine the porosity
fraction. In addition, micro-computed tomography (u-CT) analysis was carried out to
analyze the bulk porosity percentage. Micro electropolishing was carried out using a
Struers LectroPol 5 system with electrolyte A3, composed of 58.82% methanol,
35.29% 2-n-butoxyethanol, and 5.89% perchloric acid. The polishing was performed
at an applied voltage of 32 V (corresponding to a current density of 0.2 A.cm™) for 12
s at 25 °C. The polished samples were subsequently analyzed using scanning electron
microscopy (SEM) and electron backscatter diffraction (EBSD) for detailed
microstructural characterization. The grain size of the SLM-fabricated samples was
determined from EBSD data using the area fraction method. An approximate scan
area of 450 um x 335 um was selected for EBSD analysis.

2.3 Mechanical testing

The Vickers microhardness measurements of the SLM-fabricated bulk were carried
out using a Buehler Micromet microhardness tester. Indentations were performed
using an applied load of 1000 g, with a dwell time of 10 s. For each condition, ten
indentations were made at different locations (0.5 mm distance from each other) on
the sample surface, and the average hardness value was reported. In addition, a
hardness profile mapping (5 x 5 matrix) was measured to evaluate the effect of
remelting on hardness variation across the sample surface.
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Uniaxial compression tests of SLM-fabricated TN-T and TNF-T samples were carried
out at room temperature using an INSTRON 5967 universal testing machine fitted
with a 30 kN load cell. A constant strain rate of 1 x 10°3mm.s™* was applied. Cylindrical
specimens (3 mm diameter, 6 mm height) were extracted from SLM-fabricated
cuboidal samples by wire electrical discharge machining, following ASTM E9 standard
(Affolter et al., 2015). For each processing condition, three samples were tested to
ensure repeatable and reliable mechanical data.

2.4 Passivation studies

The passivation behavior of the SLM-fabricated TN-T and TNF-T samples was
investigated using a standard three-electrode electrochemical cell coupled with a
potentiostat. Phosphate-buffered saline (PBS) at pH 7 served as the electrolyte. The
bulk samples acted as the working electrode, with a platinum sheet as the counter
electrode and an Ag/AgCl as the reference. Potentiodynamic polarization (PDP)
measurements were conducted on an exposed area of 0.5 cm? at a scan rate of
0.01 V.s? over a potential window of —0.5 to +2 Vag/agai. Electrochemical impedance
spectroscopy (EIS) was performed at open-circuit potential using a small sinusoidal
perturbation (+10 mV) across a frequency range of 102 to 10° Hz. Mott-Schottky (M-
S) analysis was carried out at 1 kHz to evaluate the semiconducting characteristics of
the passive film. All tests were carried out in PBS at 37 °C and pH 7 to replicate
physiological conditions, with each experiment repeated three times for
reproducibility.

The passive film composition of TN-T and TNF-T samples exposed in PBS solution
for 72 h was carried out by X-ray Photoelectron Spectroscopy (XPS, Thermo Scientific
Nexsa).

2.5 Surface modification and its characterization

Plasma electrolytic oxidation (PEO) coatings were deposited on the TN-T sample using
a direct current (DC) power source in an aqueous electrolyte. During the PEO process,
the TN-T sample acted as the anode, while the stainless-steel electrolyte container
served as the cathode. The process parameter used for the coating is mentioned in
Table 2.2.

Table 2.2. Process parameters and electrolyte utilized for the development of PEO coating on
the SLM-fabricated TN-T sample.

Sample Electrolyte Current Duty Pulse Time
designation density cycle frequency (s)
(mA.cm?) (%) (Hz)
TN-T-S Phosphate-silicate
TN-T-H Phosphate-silicate- 200 90 1000 360
hydroxyapatite

Two distinct electrolyte formulations were used to produce coatings with different
chemical functionalities: phosphate-silicate (PS) and phosphate-silicate-
hydroxyapatite (PSHA). The PS electrolyte consisted of an equimolar (50:50)
combination of sodium metasilicate and trisodium orthophosphate, with a total
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concentration of 5 g dissolved in 1 L of distilled water. For the PSHA system, 5 g of
hydroxyapatite (HAp) powder was introduced into the PS electrolyte and uniformly
dispersed in 1 L of distilled water. The HAp nanoparticles were synthesized using a
microwave-assisted route, yielding particles with a width of ~15-20 nm and a length
of ~60-80 nm. To enhance electrolyte stability and achieve uniform nanoparticle
dispersion, 10 mL of triethanolamine and 5 mL of ethylene glycol were introduced as
dispersing additives. The electrolyte was magnetically stirred until a stable and
homogeneous suspension was achieved before PEO processing.

The wettability of the PEO-coated samples was evaluated through static contact
angle measurements using a Kyowa interface science goniometer (Japan). The
contact angle formed between 3 pl of deionized water droplet and the sample surface
was recorded, and the corresponding surface energy was calculated using the
following relation (Nisar et al., 2024),

Es = E,; cos6 (4)

where 6 is the contact angle, and E, is the surface energy of deionized water (72.8 mJ
-m2). For each sample, five measurements were taken at different surface locations
to account for surface heterogeneity, and the average contact angle value was
reported.

2.6 In-vitro cell viability studies

MC3T3 pre-osteoblast cells were used to assess in-vitro biocompatibility of SLM-
fabricated TN-T and PEO-coated TN-T-S and TN-T-H samples. Cells were cultured in
a-minimum essential medium (a-MEM) supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin and maintained at 37 °C in a humidified
atmosphere containing 5% CO,. Upon reaching ~85% confluence, cells were
detached using 0.25% trypsin-EDTA and subcultured for subsequent experiments.
To ensure consistency and retention of osteogenic activity, only cells between
passages 2 and 6 were utilized. Metallic disc samples with dimensions of 15 mm in
diameter and 2 mm in thickness, in both uncoated and coated conditions, were
used as substrates for in-vitro cytocompatibility assessment. MC3T3 pre-osteoblast
cells were directly seeded onto the sample surfaces and cultured for 24 h and 72 h.
All tests were conducted in triplicate to ensure statistical reliability. Before cell
seeding, the samples were sequentially cleaned with acetone and ethanol and
subsequently sterilized by autoclaving. Cellular responses on the coated specimens
were systematically evaluated relative to the uncoated controls. Cell viability was
assessed using the Alamar Blue assay (Invitrogen, DAL1025), which relies on the
metabolic reduction of resazurin to fluorescent resorufin by living cells.
Experiments were performed in 24-well plates with a seeding density of 10,000
cells per well. Following incubation for 24 h and 72 h, Alamar Blue reagent (10% v.v°
1) was added and incubated for 4 h at 37 °C. 150 pL of supernatant from each well
was collected, and absorbance was measured at 570 nm and 600 nm to evaluate
relative cell viability.

Fluorescence staining was performed on day 3 (72 h) to assess cell morphology
and cytoskeletal arrangement. Following removal of the culture medium, samples
were rinsed three times with phosphate-buffered saline and fixed with 3.7%
formaldehyde (Sigma-Aldrich) for 15 min. Cell membranes were permeabilized
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using 1% Triton X-100 for 3 min. The actin filaments were stained with Rhodamine
Phalloidin (1:200 in PBS; Cytoskeleton, PHDR1), while nuclei were counterstained
with DAPI (Life Technologies) during the final 5 min. After thorough PBS washing,
samples were imaged at 10x magnification using a laser scanning confocal
microscope (Olympus FLUOVIEW FV3000, Japan), following the manufacturer’s
staining protocols.
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3 Results and discussion

3.1 Powder characterization

Figure 3.1 depicts the morphology, chemical composition, and XRD patterns of the
mixed TN and TNF powders. XRD analysis of the mixed powder displays diffraction
peaks corresponding to the hexagonal close-packed (hcp) crystal structure of Ti and
body-centred cubic (bcc) crystal structure of Nb and Fe, indicating the coexistence of
the constituent elemental phases before SLM. The EDS analysis confirms
compositional homogeneity, yielding average compositions of 58.5 + 0.3 wt.% Ti and
415+02wt.% Nb for TN and 59.7+03wt.% Ti, 36.7+0.2wt.% Nb, and
4.5+ 0.1 wt.% Fe for TNF.
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Figure 3.1. (a) SEM images and corresponding EDS area mapping of mixed (a-a3) TNF and (b-
b3) TN powders, showing the powder morphology and elemental composition. (c) XRD patterns
of TN and TNF powders.

3.2 Effect of remelting on SLM-fabricated Ti-Nb alloy

3.2.1 Phase analysis

Figure 3.2 presents the XRD patterns of the SLM-fabricated TN-S and TN-T samples
in comparison with the TN elemental powder. Both TN-S and TN-T samples exhibit
the presence of a dominant S-phase with a bcc crystal structure (Im-3m) in
concordance with existing literature (Qiu, et al., 2022; Pilz et al., 2022). The S-phase
in the TN-S is attributed to a combination of the S-TiNb and residual unmelted Nb
particles. In contrast, the f-phase in TN-T corresponds to the f-TiNb, as remelting
favored the complete melting of Nb. Although diffraction peaks associated with the
a’-phase (P63/mmc) were not detectable in the TN-S within the detectable limits of
XRD, the TN-T exhibited a noticeable increase in the intensity of peaks corresponding
to the (002), (101), (110), and (112) planes. This implies enhanced a’-martensite
formation in TN-T.
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Figure 3.2. XRD patterns of TN powder compared with SLM-fabricated TN-S and TN-T samples,
adapted from paper |l.

During cooling from above the B-transus temperature (~882 °C), Ti-Nb alloys
transform into stable (a, B) or metastable (a’, a”, w, B) phases depending on the
cooling rate. The rapid solidification inherent to the SLM process promotes non-
equilibrium phase transformations (Zhao et al., 2020). This results in the formation of
metastable o’ martensite along with retained B-phase in both TN-S and TN-T samples.
The lattice parameters obtained from Rietveld refinement (Table 3.1) are consistent
with reported values of Ti alloys exhibiting B and o'+p phase (Liu et al., 2019;
Thoemmes et al., 2021).

Table 3.1. The table provides the Rietveld-refined lattice parameter values of the a"+f3 phase in
TN powder, and SLM fabricated TN-S and TN-T samples, adapted from paper Il.

Sample ag(nm) ay (nm) o (nm)

TN powder 0.3309 +£0.002 0.2951+0.003 0.4681 +0.002
TN-S 0.3294 £0.003 0.2999 +0.002 0.4761+0.003
TN-T 0.3292 £0.002 0.2976 +0.001 0.4775 + 0.002

In addition, the TN-S and TN-T samples show broadening and shift of the $(110)
diffraction peak toward higher 26 angles, as compared to the mixed elemental
powder. The peak shift corresponds to a reduction in the S-phase lattice parameter
(ag (nm)), indicating lattice contraction induced by substitutional Nb incorporation
into the Ti matrix. Despite the nearly identical atomic radii of Ti (0.147 nm) and Nb
(0.146 nm), substitutional incorporation of Nb into the Ti lattice induces lattice
contraction, leading to localized straining of the unit cell (Borgman et al., 2021). The
associated peak broadening indicates increased microstrain, quantified using the
Williamson-Hall method. The microstrain increased from 0.3 x 1073 in the TN powder
to 4.2 x 103 for TN-S and 3.6 x 10 for TN-T samples, demonstrating the strong
influence of SLM thermal cycling on strain accumulation and metastable phase
stabilization.

3.2.2 Relative density analysis

OM images of the unetched TN-S and TN-T samples in Figure 3.3(a,b) reveal no
distinct features apart from the presence of porosity. The TN-S sample exhibits pores
in sizes ranging from 20 to 70 um, with an average diameter of ~40 um. In contrast,
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no visible pores are observed in the TN-T sample within the resolution limits of OM,
emphasizing a notable increase in densification due to remelting. Consistent with the
OM observations, p-CT analysis shown in Figure 3.3(c,d) confirms the reduction in
porosity with remelting. The volume fraction of porosity decreases from 1.33% in the
TN-S to 0.77% in the TN-T sample. The enhanced thermal input during remelting
promotes melt pool reflow and improved interlayer bonding, leading to reduced
porosity (S. Huang et al., 2021). Consequently, the relative density increases from
~96% for the TN-S sample to ~99.5% for the TN-T sample. These results are consistent
with earlier studies (Lv et al., 2021), where remelting improved densification and
reduced porosity in the SLM-fabricated alloys.

.

> ‘7 Porosity

L

Figure 3.3. OM and u-CT images of the SLM-fabricated (a&c) TN-S and (b&d) TN-T samples,
respectively. The yellow arrow in the image indicates the presence of porosity, adapted from
paper Il.

3.2.3 Microstructural analysis

The SEM images in Back Scattered Electron (BSE) mode and EDS analysis of the SLM-
fabricated TN-S and TN-T samples are shown in Figure 3.4. The TN-S sample exhibits
a non-uniform microstructure with porosity, partially melted Nb particles, and areas
rich and deficient in Nb. Grey regions correspond to the -phase matrix, black regions
correspond to a’-martensite, and bright regions indicate unmelted Nb particles. The
presence of Nb-rich and Nb-depleted zones in the TN-S indicates incomplete melting
and alloying of Nb under a single melting condition. The a’-martensite in TN-S is
randomly distributed within the £ matrix and exhibits a dot-like morphology
characteristic of the high cooling rates associated with single-melting. In contrast, the
TN-T sample exhibits a homogeneous microstructure, with complete melting and
alloying Nb particles. The a’-martensite is uniformly distributed within the £ matrix.
It indicates that the remelting strategy effectively promotes Nb dissolution and
alloying, resulting in improved homogeneity. In addition, the a’-martensite shows
plate-like morphology, indicating a reduced cooling rate that facilitates martensite
growth and grain coarsening. The microstructural evolution observed is associated
with the thermal history and heat input during SLM processing (Subramanian et al.,
2026). Work by (Song et al., 2022) reported that remelting with heat input (P/v) above
0.6 J.mm* will result in decreased cooling rate. Similarly, remelting with a heat input
of 1 J.mm™ in the TN-T sample resulted in a reduced cooling rate that increased
thermal accumulation and melt pool lifetime, enabling complete Nb melting (Karimi
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et al.,, 2022). Image) analysis of lower-magnification SEM images (Figure 3.4(a,d))
shows that the average grain size increased from 19 £ 6 um in TN-S t0 26 + 7 um in
TN-T. A concurrent increase in o’ martensite dimensions was observed, with the
average length increasing from 0.4 £ 0.1 um to 3.0 £ 0.6 um and the width from 0.21
+0.04 um to 0.31 £ 0.06 um.

Ti-58.5+0.3wt. % Ti
Nb—41.5+0.2 wt. %

Nb

Ti-60.1+0.8wt. % Ti
Nb-39.8+ 0.7 wt. %

b S R : s
200 pm 100 um

Figure 3.4. SEM images and corresponding EDS analysis of SLM-fabricated (a-c) TN-S and (d-e)
TN-T samples. Porosity and unmelted Nb particles are indicated by yellow arrows, Nb-rich and
Nb-deficient regions are indicated by red and pink arrows, respectively. Blue outlines highlight
the area of elemental analysis, adapted from paper II.

3.2.4 Microhardness distribution
Figure 3.5 presents the variation in Vickers hardness of the SLM-fabricated TN-S and
TN-T samples using hardness distribution maps.
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Figure 3.5. Plot presenting the variation in Vickers hardness of SLM-fabricated TN-S and TN-T
samples as a function of remelting using hardness distribution maps, adapted from paper II.

The average hardness decreases from 384 + 13 HV in the TN-S to 368 + 7 HV in TN-
T after remelting. This reduction is primarily attributed to grain coarsening induced
by repeated thermal exposure during remelting. The TN-S sample exhibits
pronounced variations in hardness across the transverse cross-section, reflecting
microstructural and compositional heterogeneity. This behavior correlates with SEM
observations of Nb-rich and Nb-deficient regions, where Nb-rich areas contribute to
locally higher hardness due to the inherent higher hardness of Nb compared to Ti. In
contrast, the TN-T sample shows a nearly uniform hardness distribution, indicating
improved chemical homogeneity resulting from enhanced Nb melting and alloying
during remelting. Despite the reduction in hardness upon remelting, both TN-S and
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TN-T samples exhibit higher hardness than conventionally SLM-processed Ti-Nb
alloys, due to the presence of a’-martensite (Afonso et al., 2007; Fikeni et al., 2021;
Wang et al., 2017).

3.2.5 Influence of remelting

The SLM processing condition plays a crucial role in the cooling rate, melt pool
characteristics, and solidification kinetics of the samples. The temperature
distribution within the melt pool during laser scanning can be estimated using the
Rosenthal moving heat source model, which describes the peak temperature at a
distance r from the heat source as (Kou, 2002):

UX) (5)

Q
Tp =Ty +5——exp (—z

2nkr
where Tjis the initial temperature (298 K), Qis the effective heat input from the laser,
k is the thermal conductivity of the TN (powder - 6 W/m.K and bulk - 11.5 W/m.K)
(Bychkov et al., 1981), v is the scan speed, and « is the thermal diffusivity. The
thermal diffusivity is given by the following:

k (6)

a=—
pCp

where p is the density of TN (5.570 g.m) and Cp is its heat capacity (525 J.kg™*.K2).

The difference between TN-S and TN-T conditions lies in the dominant heat-
transfer medium. During SM, heat is primarily conducted through the powder bed,
which has a relatively low thermal conductivity (~6 W.m-1.K-1) due to inter-particle
voids. In contrast, during TM, subsequent laser passes interact with a previously
solidified layer, enabling heat conduction through bulk TN with a significantly higher
thermal conductivity (~11.5 W.m-1.K-1). Consequently, the melt pool temperature
and cooling rate differ substantially between the TN-S and TN-T samples. The cooling
rate can be expressed as follows:

CR = 2mkv LT —To) (7)

where k is the thermal conductivity of the TN alloy in W.m1.K%, T is the melt pool
temperature in K, Tp is the initial temperature of the material in K (298 K), v is the
scan speed in m.s, and Q is heat transferred to the substrate from the laser source
in W. Using the respective thermal conductivity values for powder (TN-S) and bulk
(TN-T), the calculated peak melt pool temperature and cooling rate are ~5606 K and
~6.9 x 10°K.s for TN-S, whereas TN-T shows a reduced peak temperature ~3067 K
and a lower cooling rate ~3.2 x 10°K.s™%. According to Newton’s law of cooling, the
heat extraction rate is proportional to the temperature gradient. This explains the
faster cooling experienced under the TN-S condition. The difference in cooling rate is
further supported by thermal penetration depth, which represents the depth to
which heat diffuses into the material and can be estimated by :

6”[ = Zm (8)

where t is the laser exposure time. The calculated thermal penetration depth is
approximately 32 um for TN-S and 44 um for TN-T. The increased penetration depth
in TN-T indicates a deeper melt pool and enhanced heat accumulation, which
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together reduce the thermal gradient across the solidified region. This reduction in
temperature gradient slows down solidification and provides a longer time for atomic
diffusion. In the in-situ alloyed TN fabricated from elemental powders, Nb diffusion
is strongly affected by the large melting-temperature difference between Ti (1668 °C)
and Nb (2468 °C). Under TN-S condition, the shallow melt pool, rapid cooling rate
(~6.9 x 10° K.s), and limited melt pool lifetime restrict solute redistribution, resulting
in incomplete Nb melting. In contrast, the TN-T condition significantly enhances Nb
melting due to increased thermal penetration depth (~44 um) and heat
accumulation, which extends the melt pool lifetime. The deeper melt pool intensifies
Marangoni convection, promoting repeated fluid circulation and effective transport
of Nb throughout the molten region. The combined effects of enhanced Marangoni
convection and reduced cooling rate (~3.2 x 10° K.s?) enable complete Nb melting
and alloying, yielding a homogeneous a'+f microstructure. The thermal history in the
TN-T condition strongly influences microstructural evolution. Both TN-S and TN-T
samples exhibit a dual-phase a'+f microstructure. However, the lower cooling rate
in TN-T promotes grain growth and martensite coarsening. Quantitative analysis
indicates an increase of ~43% in average grain size, accompanied by ~13% and ~6%
increases in o' martensite length and width, respectively, compared to TN-S. Overall,
remelting proved to be an effective strategy to reduce porosity and promote
complete melting and alloying of Nb, resulting in enhanced microstructural
homogeneity (Subramanian et al., 2025).

3.3 Effect of Fe addition on the SLM-fabricated Ti-Nb alloy

3.3.1 Phase analysis

Figure 3.6 presents the XRD patterns of the SLM-fabricated TN-T and TNF-T samples.
The TN-T sample exhibits the presence of a'+f phase, consistent with previous work
(Subramanian et al., 2025). This indicates incomplete S-phase stabilization, which
resulted in martensitic transformation during solidification. In contrast, the TNF-T
sample exhibits the presence of a single metastable S-phase, indicating suppression
of the a”-martensitic phase due to Fe addition.
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Figure 3.6. XRD patterns of SLM-fabricated TN-T and TNF-T samples, adapted from paper IV.
Quantitative Rietveld refinement confirms that Fe addition increases the f-phase

fraction from ~85.4% in TN-T to ~99.7% in TNF-T sample. The stabilization of the S-
phase in the TNF-T alloy upon Fe addition can be explained using the Mo.q and the

38



(e/a) ratio. A Moeq value of above 10 wt.% and (e/a) ratio > 4.2, results in the
retention of metastable S-phase at room temperature (Alberta et al., 2023). Based
on the calculation using equation (1) and (e/a) ratio, the TNF-T exhibits a higher Mogq
(11.8) and e/a (4.43) values than the TN-T (Moeq = 11.2 and e/a = 4.26). This increase
in both parameters with Fe addition promoted the fS-phase stability at room
temperature by inhibiting the f—>a’” martensitic transformation.

3.3.2 Microstructural analysis

The microstructural analysis was carried out using EBSD to assess the grain
morphology and crystallographic orientation. The inverse pole figure (IPF) maps,
grayscale image quality (1Q) maps, and grain size distribution histograms for the TN-
T and TNF-T samples are presented in Figure 3.7. The IPF maps indicate random grain
orientation in both samples, confirming the absence of strong texture. It also suggests
uniform solidification under rapid cooling conditions typical of an SLM-fabricated
sample (Subramanian et al., 2026). The 1Q maps reveal well-defined f grains and
boundaries where TNF-T exhibits refined grains compared to the TN-T sample. The
grain size as measured by the EBSD area fraction method shows that TN-T shows a
broader distribution (~1 - 100 um) with an average grain size of 48 + 29 um. The
higher standard deviation in TN-T indicates the coexistence of a'+f phase, leading to
a bimodal grain distribution with fine and coarse grains. In contrast, the TNF-T shows
a narrow distribution (~1 - 50 um) with an average grain size of 11 £ 8 um.
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Figure 3.7. EBSD results showing the inverse pole figure maps, image quality maps, and the
grain size distribution plots of the SLM-fabricated (a-c) TN-T, and (d-f) TN-T samples. BD
represents the build direction, adapted from paper IV.

The grain refinement in TNF-T is attributed to the combined effects of nucleation
and restricted grain growth during solidification. The high diffusive S-stabilizing effect
of Fe enhances heterogeneous nucleation and restricts grain growth by the grain
boundary pinning effect (Huang et al., 2025). Parallelly, Fe increases constitutional
undercooling, which accelerates nucleation during rapid solidification. The effect of
solute elements on growth restriction is quantified using the growth restriction factor
(Qy), defined as: (Fetzer et al., 2011)
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Qr =mCy(k—1) (9)

where m; is the slope of the liquidus line, Cp is the solute concentration, and k is the
equilibrium partition coefficient. Higher Qs values indicate stronger growth restriction
and increased nucleation density. The m; values of the Nb and Fe are 10 and -18,
respectively, while the k values of the Nb and Fe are 1.25 and 0.38, respectively
(Bermingham et al., 2008). Using these parameters, the calculated Qs is found to be
lower for TN-T (100) than for TNF-T (143.3). This confirms that Fe addition effectively
enhances growth restriction, suppresses grain coarsening, resulting in significantly
refined S grains.

3.3.3 Mechanical properties

The effect of Fe addition on the mechanical behavior of SLM-fabricated samples was
evaluated using Vickers microhardness and compression testing. The Vickers
hardness plot shown in Figure 3.8(a) emphasizes that TN-T exhibits an average
hardness of 374 + 12 HV,, whereas the TNF-T shows a higher average hardness of 494
+ 11 HV;. This increase in hardness with the addition of Fe is attributed to grain
refinement that reduces the dislocation mean free path and increases resistance to
dislocation motion (Issariyapat et al., 2025). The compressive stress-strain curves
shown in Figure 3.8(b) further highlight the effect of Fe addition on the mechanical
properties. Table 3.2 provides the mechanical properties of SLM-fabricated TN-T and
TNF-T samples.

Table 3.2. Vickers hardness and compressive strength values of the SLM-fabricated TN-T and
TNF-T samples.

Sample Hardness (HV) YS(MPa) UCS(MPa) E(GPa) Strain (%)

TN-T 374+12 845+24 1490+20 34+03 334+40
TNF-T 494 + 11 908 £33 1945 +17 30£0.7 47.1+35

The TN-T exhibits a yield strength of 845 + 24 MPa and an ultimate compressive
strength of 1490 + 20 MPa, with a plastic strain of ~33%. In comparison, TNF-T shows
higher values, with a yield strength of 908 + 33 MPa, an ultimate compressive
strength of 1945 + 17 MPa, and a plastic strain of ~48%. In addition, the elastic
modulus decreased from 34 GPa in TN-T to 30 GPa in TNF-T owing to suppression of
the o'-martensite and stabilization of the B-phase (Li et al., 2022). The strain
hardening behavior displayed in Figure 3.8(c) exhibits three distinct regions for both
samples. Region | exhibits a rapid decrease in hardening rate after yielding. Region Il
shows a relatively stable response, while region Il shows a further decrease.
Although both alloys show similar trends in Region I, TNF-T maintains a higher strain
hardening behavior in Region I, indicating enhanced work hardening and improved
compressive deformability. This difference in mechanical behavior is closely related
to the phase constitution of the samples. TN-T consists of a bimodal o'+ phase
structure. The hcp crystal structure of the a’ phase provides limited slip systems for
plastic deformation. In contrast, B-phase structure with a bcc crystal structure
exhibited by the TNF-T offers multiple slip systems enabling more uniform plastic
deformation (Kent et al., 2013). In particular, the strengthening mechanism involved
in both samples is governed by solid solution and grain boundary effects. Solid
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solution strengthening (Aoss) results from the substitution of Nb and Fe atoms into
the B-Ti lattice, generating lattice distortion and resistance to dislocation motion.
Using the following equation, the contribution of solid solution strengthening can be
calculated (Jawed et al., 2020).

3/2
Aogs = (5B, X)*3 (10)

where B is the strengthening coefficient (71 MPa.at.”® for Nb and 1715 MPa.at.”?/3
for Fe) (Zhao et al., 2019) and X; is the atomic fraction of the solute element. The
calculated higher value of ~50 MPa for TNF-T than the ~36.7 MPa for TN-T indicates
that Fe addition significantly enhanced properties through the solid solution
strengthening. The contribution of grain boundary strengthening can be calculated
using the Hall-Petch relation, (Guo et al., 2025)

2
Aogs = (58] X)** ()

Based on the calculated values, the contribution is ~65 MPa for TN-T and ~135 MPa
for TNF-T. The finer grain structure in TNF-T increases grain boundary density, which
effectively impedes dislocation motion. The overall -phase stability, improvement in
strength, ductility, and reduced elastic modulus are attributed to the solid solution
strengthening and grain boundary strengthening caused by Fe addition (Subramanian
etal., 2026).

600 2000 &
a o b =
(@ 494 § (b) TNE-T S )
e~ = 1500 2
I 400 374 b NT ©
2 % 1000 g
2 w £
% 200 H B
T @ 500 &
£ = ; TNE-T
oo c ]
o S " 3 TNT Wy AT
TN-T TNF-T 00 01 02 03 04 05&x00 02 04 06 08
Sample designation Engineering strain (mm/mm) True strain (mm/mm)

Figure 3.8. (a) Vickers hardness plot, (b) compressive stress-strain curve, and (c) strain
hardening behavior plot of the SLM-fabricated TN-T and TNF-T samples, adapted from paper
V.

3.3.4 Passivation behavior

The passivation behavior of SLM-fabricated TN-T and TNF-T samples was investigated
using PDP, EIS, and M-S analysis in PBS at 37 °C (simulated physiological condition).
The Tafel plot displayed in Figure 3.9(a) shows an active-passive transition for both
TN-T and TNF-T samples. The corrosion potential (Ecorr), cOrrosion current density
(lcorr), polarization potential (Epp), and the passivation current density (l,) obtained
from the Tafel plot of both samples are summarized in Table 3.3.

Table 3.3. The table provides the PDP values of SLM-fabricated TN-S and TN-T samples obtained
from the Tafel plot, adapted from paper IV.

Sample  Ecorr (Vag/aga)  leorr (MA.cm?)  Epp (Vagsaga) — Ip (HA.cm?)

TN-T -0.29+£0.03 1.57 £0.03 0.13+0.01 73.02 £0.02
TNF-T -0.24+0.04 1.06 £ 0.09 0.25+0.02 73.01+0.01
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The current density of both samples increases from Ecorr to Epp due to active
dissolution, followed by a stable passive region up to 1.5 VAg/AgCl. The TNF-T exhibits
a shift in Ecorr towards a more noble value and a reduction in Icorr as compared to
TN-T, indicating improved corrosion resistance. The passive current density remains
similar for both samples, suggesting similar passive film stability.
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Figure 3.9. (a) Tafel plot, (b) Nyquist plot, and (c) M-S plot of the SLM-fabricated TN-T and TNF-
T samples evaluated in PBS at 37 °C, adapted from paper IV.

To evaluate the passive film characteristics, EIS measurements were performed at
OCP after 0.5 h immersion. The Nyquist plots shown in Figure 3.9(b) for both TN-T
and TNF-T samples show a single incomplete semicircle arc, indicating a one
dominant time constant associated with passive film behavior. The impedance
spectra were fitted using a modified Randles circuit [Rs(QRp)], to obtain the
electrolyte resistance (R), polarization resistance (Rp), and constant phase element
(Q) values. The circuit elements enclosed in parentheses are connected in parallel,
whereas those within square brackets are connected in series. The fitted values
shown in Table 3.4 show good agreement with experimental data (x> ~1073). For both
TN-T and TNF-T samples, the constant phase exponent n value is ~0.95. It indicates
near-ideal capacitive behavior, suggesting the formation of a uniform passive layer.
The Rs value is similar for both samples, indicating similar solution resistance. The
slightly higher R, value of TNF-T than that of TN-T indicates increased resistance and
improved protection of the passive film (Bagoury et al., 2019). From the obtained
fitting values, the capacitance of the passive film can be calculated using the following
Brug’s equation (Brug et al., 1984)

C =[QR;* + Ry (12)

where, Rs is the solution resistance, R, is the polarization resistance, Q is a
proportionality constant with units of Q1.s", n is the exponent of Q (constant phase
element) with values ranging from -1 to 1 (-1 represents inductance, O represents
resistance, and 1 represents capacitance). By incorporating the C value in the
following equation, the thickness of the passive film can be estimated (Jayaraj et al.,
2012).

_ E&A (13)
€= d

where g is the vacuum permittivity (8.854x10* F.cm™), d is the passive film
thickness, and € is the dielectric constant of the passive film. The dielectric constants
of TiO,, Nb,Os, and Fe,03 are 80, 28, and 26, respectively (Lunt et al., 2013; Nanda et
al., 2020). The passive films formed on TN-T and TNF-T are expected to consist of
mixed oxides of Ti, Nb, and Fe. The dielectric constant data for mixed oxides in the Ti-
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Nb-Fe system are not available in the literature. As the passive film composition in
both samples is predominantly Ti-Nb-based oxides, an effective € value of 51 was
adopted based on reported literature on the TN alloy (Caha et al., 2023b).
Accordingly, the passive film thickness was estimated using this effective dielectric
constant and is provided in Table 3.4. A slight increase in R, of TN-T is accompanied
by a slight decrease in C value. This reduction in C corresponds to a modest increase
in passive film thickness, from 1.59 nm to 1.68 nm.

Table 3.4. The table summarizing the EIS data, along with capacitance and passive film
thickness values of SLM-fabricated TN-S and TN-T samples, adapted from paper IV. S represents
sample, and T represents immersion time.

S T Rs Yo n Rp C d
(h) (Q.cm?) (uQ1s".cm?3) (nounit) (MQ.cm?) (uF.cm?) (nm)

TN-T 0.5 14.47 41.32 0.95 0.15 28.11 1.59
+0.94 +0.76 +0.01 +0.19 +0.60 +0.01

TNF-T 0.5 14.52 40.66 0.95 0.17 27.79 1.68
+0.71 +0.56 +0.01 +0.24 +0.50 +0.02

To evaluate the semiconducting behavior of the passive film developed, M-S
analysis was carried out in PBS at 37 °C (Figure 3.9(c)). The 1.C% vs potential plot of
TN-T and TNF-T exhibits a linear region with a positive slope in the range of -1.1 to
0.3 Vag/age, and —0.2 to 0.8 Vag/aga, respectively, confirming n-type semiconducting
behavior. This indicates that oxygen vacancies and metal interstitials act as dominant
donor defects governing charge transport through the passive film. The donor density
(Np) in the developed passive film can be calculated using the following equation
(Jayaraj et al., 2012).

CZ=—
eggeNp

2 kT (14)
(£=0-)
where € is the dielectric constant of the passive film, and g is the dielectric constant
of vacuum, e is the electronic charge, and Eg, is the flat band potential, obtained from
the M-S plot as —0.26 Vag/agci for TN-T and —=1.05 Vag/agcl for TNF-T. The calculated Np
is higher for the TN-T (4.7 x 10%* cm™®) sample as compared to the TNF-T (3.1 x 10%*
cm3). This decrease in Np with Fe addition correlates with the higher R, obtained from
EIS, confirming the formation of a more resistive and protective passive film in the
TNF-T sample. The observed differences in Np and semiconducting behavior can be
explained using the point defect model (PDM). The growth of passive film on the
sample is governed by the generation of oxygen vacancies at the film/sample
interface that are consumed by the oxygen ion from the electrolyte/film interface. In
TN-T, the formation of oxygen vacancies and cation defects increases electronic
conductivity, leading to higher Np values and comparatively lower film resistance.
Although Nb>* incorporation modifies the passive film structure, it does not
effectively suppress defect formation. In contrast, the addition of Fe significantly
alters the defect chemistry in TNF-T. Fe oxidizes to Fe3* and substitutes for Ti* sites.
This substitution promotes charge compensation by interacting with oxygen
vacancies, thereby reducing donor defect concentration. As a result, the passive film
becomes denser and more stable, with lower Np. The combined effect of Nb>*
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strengthening the passive film and Fe®* reducing defect density leads to a compact
and protective passive film. This is evident from the lower Np, higher Ry, and improved
corrosion resistance observed for the TNF-T sample.

The surface chemistry of the passive films was analyzed using XPS for both TN-T
and TNF-T samples. The high-resolution XPS spectra of Ti 2p, Nb 3d, and Fe 2p for
both TN-T and TNF-T samples are presented in Figure 3.10. The passive film of both
TN-T and TNF-T display the presence of the Ti 2p spectrum with Ti 2p3/, (~459 eV
(~459 eV) and Ti 2py/2 (~465 eV) peaks, corresponding to TiO2 and Nb 3d spectrum
with Nb 3ds/; (~207 eV) and Nb 3ds/; (~210 eV) peaks corresponding to Nb,0Os. An
additional Fe 2p spectrum with Fe 2p (~710 eV) corresponding to Fe,0s is evident in
the TNF-T sample, confirming the presence of Fe in the passive film. No metallic Ti
(~454.6 eV), Nb (~202 eV), or Fe (~706 eV) peaks are observed on the surface region
of the passive film, indicating a fully oxidized surface. The passive film on TN-T is
mainly composed of TiO, and Nb,O,, whereas the TNF-T passive film consists of TiO,,
Nb,Os and Fe,03 (Subramanian, Manivasagam, et al., 2026).
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Figure 3.10. High-resolution XPS spectra of SLM-fabricated (a-b) TN-T, and (c-e) TNF-T samples
showing the passive film chemistry on the surface after 72 h of immersion in PBS at 37 °C,
adapted from paper IV.

3.4 Effect of surface modification on SLM-fabricated Ti-Nb alloy

3.4.1 Phase analysis of PEO coatings

The XRD pattern (Figure 3.11) of the PEO-coated TN-T-S and TN-T-H samples
shows the presence of TiO, (anatase and rutile) and Nb,Os oxide phases. The
uncoated TN-T sample used as a reference shows the presence of a dual a’+p phase.
The crystallization of anatase and rutile within the oxide coating is attributed to
localized plasma discharges generated during PEO. Regardless of the addition of HAp
in the TN-T-H sample, no distinct HAp peaks are detected, indicating its fraction is
below the detection limit of XRD (Ferraz et al., 2017; Wu et al.,, 2023). The
comparative phase analysis of the coated samples reveals a higher fraction of rutile
in TN-T-H than in TN-T-S. During the initiation of TiO, oxide formation, the anatase
phase forms first due to its lower surface free energy, as compared to other
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polymorphs of TiO, However, metastable anatase transforms to the stable rutile
phase between 400 °C and 1200 °C. The elevated discharge energy and higher
processing voltage associated with the TN-T-H enhance the anatase-to-rutile
transformation, resulting in a higher fraction of the rutile phase (Friedemann et al.,
2017; Hanaor et al., 2011).
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Figure 3.11. XRD patterns of the SLM-fabricated TN-T and PEO-coated TN-T-S and TN-T-H
samples, adapted from paper Ill.

3.4.2 Surface morphology of PEO coatings

The SEM images showing the surface morphology of the coated TN-T-S and TN-T-H
samples are presented in Figure 3.12. The TN-T-S coating in Figure 3.12(a) exhibits a
uniform distribution of irregularly shaped micro- and nanopores. In contrast, the TN-
T-H in Figure 3.12(d) exhibits uniformly distributed circular and elliptical pores with
smoother pore edges resembling volcanic-like features. The incorporation of HAp
nanoparticles into the electrolyte altered the discharge behavior by reducing
electrolyte conductivity, thereby modifying pore geometry and distribution. During
the PEO process, intense plasma discharges generate localized high temperatures,
leading to melting and oxidation of the substrate. The ejection of molten oxides and
gas evolution through discharge channels results in the formation of a porous oxide
structure (Valizade et al., 2024). The pore morphology of the coating is governed by
discharge behavior and applied voltage. Higher voltage increases molten oxide
formation, which partially fills discharge pores and reduces overall porosity (Arun et
al., 2023). Accordingly, the quantitative image analysis by Image) software shows that
the TN-T-H with high process voltage exhibited lower porosity (16 + 4 %) with an
average pore size of 2.32 + 0.9 um, as compared to the TN-T-S (26 + 3 %) with an
average pore size of 3.04 + 1.4 um. The incorporation of HAp nanoparticles
significantly increased the pore filling and smooth oxide formation, that lead to the
formation of interconnected pores, reducing overall porosity.

The elemental distribution mapping of the TN-T-S and TN-T-H samples is presented
in Figure 3.12(c&f). Both coatings contain Ti, Nb, O, P, and Si, indicating incorporation
of substrate and electrolyte species. The TN-T-H coating additionally consists of Ca,
confirming the successful incorporation of calcium- and phosphate-containing
species from the HAp-enriched electrolyte. The higher oxygen and phosphate
intensities observed in TN-T-H correlate with increased discharge energy and oxide
growth rate under elevated voltage conditions.
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Figure 3.12. SEM images displaying the surface morphology, coating thickness, and elemental
mapping of the PEO-coated (a-c) TN-T-S and (d-f) TN-T-H samples, adapted from paper Ill.

Figure 3.10(b&e) shows the SEM images of the cross-sectional morphology of the
TN-T-S and TN-T-H coatings. Both coatings exhibit a dual-layer structure consisting of
a dense inner barrier layer and a porous outer layer. The coating thickness measured
using Imagel indicated an increase from 6.9 + 1 um for TN-T-S to 8.0 £ 1.5 um for TN-
T-H. The relationship between coating thickness (t) and applied voltage is described
by the following equation (Wu et al., 2010):

t = Aexpk(V, —Vp) (15)

where V, is the processing voltage, V, is the breakdown voltage, and 4, k are
material- and electrolyte-dependent constants. The relation shows that the coating
thickness is directly proportional to the processing and breakdown voltage. In
accordance with the relation, the TN-T-H coating with a higher voltage condition
exhibited higher coating thickness. Additionally, the presence of HAp nanoparticles
increases the electrolyte ionic concentration and dielectric breakdown frequency,
which enhances discharge activity and oxide growth. The combined effect of higher
voltage and nanoparticle-influenced discharge behavior results in a thicker coating
with smaller and reduced porosity in TN-T-H compared to TN-T-S (Subramanian et al.,
2026).

3.4.3 Surface wettability

Wettability reflects the surface characteristics of a material and is governed by the
interaction between a liquid and a solid surface upon contact. It is commonly
quantified by the contact angle formed at the liquid-solid interface and provides
insight into the hydrophilic (contact angle < 90°) or hydrophobic (contact angle > 90°)
nature of the surface (Kulkarni et al., 2015). Figure 3.13 shows the contact angle
measurements for the TN-T, TN-T-S, and TN-T-H samples. All samples exhibit
hydrophilic behavior, as indicated by contact angles below 90° (Figure 3.13). A
progressive reduction in contact angle is observed from 70 £ 1.9° (TN-T) to 53 + 1°
(TN-T-S) and further to 39 £ 1° (TN-T-H), demonstrating a progressive enhancement
in wettability following PEO treatment. In parallel, the calculated surface energy
increases from 24.9 + 1.8 mJ.m% for TN-T to 43.8 + 1.6 mJ.m™2 for TN-T-S and 56.5 #
1.2 mJ).m? for TN-T-H, respectively.
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Figure 3.13. Contact angle measurement images of SLM-fabricated TN-T and PEO-coated TN-
T-S and TN-T-H samples using deionized water, adapted from paper Ill.

Among the coated samples, TN-T-H exhibits the highest wettability, which arises
from the combined effects of surface morphology and chemical composition. The
incorporation of Ca2+ and PO43- species alongside TiO2 significantly enhances
surface polarity and hydration capability, promoting water adsorption and spreading
ability. This contribution of chemical composition and surface morphology accounts
for the superior hydrophilic behavior observed for the TN-T-H sample (Fazel et al.,
2019; Molaei et al., 2022).

3.4.4 Cell-viability evaluation

The biocompatibility of the TN-T, TN-T-S, and TN-T-H samples evaluated using the
Alamar Blue assay after 24 h and 72 h of cell culture is shown in Figure 3.14. At the
24 h time point, both coated samples demonstrated a clear improvement in cell-
viability compared to the uncoated TN-T. It indicates that surface modification
significantly enhances early-stage cell attachment. This improvement can be
attributed to the surface alterations introduced by PEO, including enhanced
wettability and the formation of an oxide-based bioactive layer, all of which are
known to positively influence cell-material interactions.

With prolonged incubation, TN-T-H consistently exhibited the highest level of cell
proliferation among all samples. This enhanced biological response is closely linked
to the combined effects of surface morphology and chemical composition. The
porous morphology generated during PEO provides micro-scale features that support
cell anchorage, while the presence of HAp within the coating introduces bioactive
sites that favor cellular activity. In particular, the gradual release of Ca2+ and PO43-
ions from the HAp-containing surface contributes to improved cell proliferation and
supports processes associated with bone tissue formation.
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Figure 3.14. Plot shows the cell-viability assessment carried out on SLM-fabricated TN-T and
PEO-coated TN-T-S and TN-T-H samples using the Alamar Blue assay at 24 h and 72 h time
points, adapted from paper Ill.
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Fluorescence microscopy images of MC3T3 pre-osteoblast cells cultured on the
TN-T, TN-T-S, and TN-T-H (Figure 3.15) further corroborate the quantitative cell-
viability results. Cells adhered and remained viable on all samples. In particular, the
TN-T-H surface exhibited noticeably higher cell density and more extensive spreading.
The well-developed cytoskeletal organization observed on TN-T-H suggests strong
cell-surface interactions, facilitated by the porous architecture and chemically active
coating. The presence of smooth pore edges and surface promotes filopodia
extension, enabling efficient cell migration and intercellular connectivity
(Subramanian et al., 2026).
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Figure 3.15. Fluorescence microscopy images of MC3T3 pre-osteoblast cells cultured on the (a-
¢) SLM-fabricated TN-T, and PEO-coated (d-f) TN-T-S, and (g-i) TN-T-H samples after a 72 h cell-
viability study. The blue stains highlight the nucleus of the cell, while the red stains highlight
the cytoskeleton of the cell, adapted from paper Ill.

Overall, the PEO process markedly enhances the surface functionality of SLM-
fabricated TN alloy, leading to improved surface wettability and biological response.
The HAp-enriched TN-T-H coating provides a dense oxide layer with enhanced
wettability and Ca-P incorporation, which collectively promote superior cell
attachment and proliferation. These findings demonstrate the potential of HAp-
based PEO coatings for developing biofunctional surfaces tailored for orthopedic
implant applications.
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4 Conclusion

In this thesis, a systematic investigation has been conducted to address the research
objectives associated with the in-situ alloying of Ti-Nb-based alloys by SLM using
elemental powder for orthopedic applications.

1. The effect of remelting strategy, especially the triple melting conditions,
confirmed that repeated laser exposure ensures complete melting and
alloying of Nb in the Ti-40Nb and Ti-35Nb-5Fe alloys. SEM and XRD analysis
confirm that the laser remelting approach is an effective method for
microstructural homogenization.

2. The SLM-fabricated Ti-40Nb alloy exhibited a’+f microstructure. The
addition of 5 wt.% Fe significantly improved f-phase stability upto 99.7% as
confirmed by the XRD-Rietveld refinement method.

3. In comparison to the Ti-40Nb alloy, the Ti-35Nb-5Fe alloy exhibited
improved properties such as high compressive strength, high ductility, and
lower elastic modulus, which resulted from refined grain size and fS-phase
structure.

4. Electrochemical passivation studies in simulated physiological conditions
revealed similar passivation behavior for both Ti-40Nb and Ti-35Nb-5Fe
alloys. Mott-Schottky analysis confirmed an n-type semiconducting behavior
of the passive film, with lower defect densities for the Ti-35Nb-5Fe alloy. XPS
analysis confirmed that the passive film is composed of TiO, Nb,Os and
Fe,0; oxides in TI-35Nb-5Fe alloy.

5. Surface modification of SLM-fabricated Ti-40Nb using PEO produced a
double oxide structure consisting of a dense inner barrier layer and a porous
outer layer, predominantly of rutile phase. In-vitro cell study confirmed that
HAp-containing PEO coatings significantly enhanced surface wettability and
bioactivity. The presence of Ca-P species promoted cell adhesion and
proliferation, indicating improved osteogenic potential.

Overall, this study establishes a process-microstructure-property relationship in
the in-situ alloyed Ti-Nb-based alloys fabricated by SLM using elemental powder.
Remelting strategy, Fe addition, and PEO-based surface modification were
demonstrated to be effective approaches for achieving microstructural
homogenization, enhancing B-phase stability, superior passivation, and achieving
enhanced biological performance. These findings provide a strong foundation for the
development of next-generation B-type Ti alloys for orthopedic applications.
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5 Future work

Building upon the findings of this work, future studies can be directed toward
extending alloy design, structural optimization, and multifunctional surface
engineering.

1.

The Ti-Nb-based alloys will be extended to lattice architectures, with
emphasis on strut integrity, geometric complexity, and defect sensitivity.
PEO coatings on the Ti-Nb-based alloys can be further engineered to
incorporate antibacterial agents and drug-delivery functionalities, enabling
simultaneous corrosion protection, infection control, and enhanced
osteointegration.

The synergistic interaction between mechanical wear and electrochemical
degradation will be investigated under biologically relevant conditions,
including the presence of proteins, body fluids, and bone or cartilage
counterparts. These studies are essential to understand the stability of
passive or coated surfaces under realistic physiological loading.

The fabricated and surface-modified Ti-Nb-based alloys will be evaluated
under in-vivo conditions using appropriate animal models to assess
biological response, osseointegration, degradation behavior, and long-term
implant stability.
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Abstract

Fabrication of In-Situ Alloyed Ti-Nb via Selective Laser
Melting for Orthopedic Applications

p-type titanium alloys are increasingly explored for orthopedic implant applications
due to their low elastic modulus, high corrosion resistance, and excellent
biocompatibility. Among these alloys, Ti-Nb-based systems are particularly attractive.
However, their fabrication via selective laser melting using elemental powders
presents significant challenges. It includes incomplete alloying, microstructural
heterogeneity, and defect formation arising from large differences in melting
temperature between Ti and Nb. In addition, long-term implant performance
requires both optimized bulk properties and enhanced surface biofunctionality. This
thesis addresses these challenges by establishing an integrated processing-
microstructure-property-function framework for Ti-Nb-based alloys fabricated by
SLM and biofunctionalized using the plasma electrolytic oxidation process.

In the first part of this work, the SLM process was utilized for the successful
fabrication of dense bulk Ti-40Nb components through in-situ alloying of elemental
powders. A remelting strategy was implemented to stabilize melt pool dynamics,
enhance Nb dissolution, and reduce processing-induced defects such as porosity and
unmelted Nb particles. Detailed microstructural investigations revealed the
formation of a dual phase a'+B microstructure. Remelting significantly reduced Nb
segregation, reduced cooling rate, and promoted microstructural homogenization. As
a result, the Ti-40Nb  alloy exhibited a favorable balance between mechanical
strength and ductility, characterized by a low elastic modulus closer to that of bone
and high compressive strength. This strength-ductility synergy is essential for load-
bearing orthopedic implants, ensuring mechanical reliability while minimizing stress-
shielding effects.

In the second part, alloy design was extended by introducing Fe to develop the Ti-
403b-5Fe alloy. Phase analysis confirmed that Fe acted as a strong B-stabilizer and
significantly increased the B-phase fraction. Microstructural analysis revealed
pronounced grain refinement, leading to improved hardness and strength. The
retention B-phase reduced the elastic modulus and enhanced strain hardening
behavior. This ensures the strength-ductility trade-off that is essential for load-
bearing orthopedic implants. Electrochemical studies in physiological environments
confirmed the formation of a stable passive film composed of Ti02, Nb205, and
Fe203. The alloy exhibited higher polarization resistance and lower capacitance.
Mott-Schottky analysis indicated reduced donor density, suggesting improved
passive film stability and defect chemistry.

In the third part, SLM-fabricated Ti-40Nb substrates were surface-engineered via
plasma electrolytic oxidation in phosphate-silicate and phosphate-silicate-
hydroxyapatite electrolytes. The homogenized bulk microstructure was found to be
critical for achieving uniform discharge behavior and reproducible coating
morphology during PEO. The resulting coatings exhibited a characteristic duplex
structure consisting of a dense inner barrier layer and a porous outer layer.
Incorporation of HAp nanoparticles led to the formation of TiO2-Nb205-Ca-P
composite oxide coatings with reduced porosity, increased rutile content, and
enhanced coating compactness. Biological assessment using MC3T3 pre-osteoblast
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cells revealed enhanced cell adhesion, proliferation, and cytoskeletal organization on
the HAp-containing coatings. The combined effects of increased surface roughness,
improved wettability, and controlled release of bioactive Ca?* and PO43" ions
promoted a biomimetic surface environment conducive to early-stage
osseointegration.

Overall, this thesis demonstrates that the combination of in-situ alloying,
microstructural control through remelting, alloy modification via Fe addition, and
PEO-based biofunctionalization significantly enhances the properties of Ti-Nb-based
alloys. The developed materials exhibit a homogenized microstructure, improved
mechanical properties, stable passivation behavior, and enhanced biological
response. This integrated approach provides a pathway for the design of next-
generation B-Ti-Nb-based implants and highlights the potential of in-situ alloying by
SLM for cost-effective and clinically applicable biomedical applications.
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Lihikokkuvote

In-situ legeeritud Ti-Nb sulamite valmistamine selektiivse
lasersulatamise abil ortopeedilisteks rakendusteks

p-thdpi titaansulamid on ortopeediliste implantaatide rakendustes (ha enam
uurimise all tdnu nende madalale elastsusmoodulile, kdrgele korrosioonikindlusele ja
suurepdrasele biosobivusele. Nende sulamite hulgas on Ti—Nb-pdhised siisteemid
eriti atraktiivsed. Kuid nende valmistamine selektiivse lasersulatamise (SLM) teel
elementaarpulbritest kujutab endast markimisvdarseid valjakutseid. Nende hulka
kuuluvad mittetaielik legeerumine, mikrostruktuurne heterogeensus ning defektide
teke, mis tuleneb Ti ja Nb suurest sulamistemperatuuri erinevusest. Lisaks nduab
implantaatide pikaajaline toimivus nii optimeeritud mahulisi omadusi kui ka
tdiustatud pinna biofunktsionaalsust. Kaesolev vaitekiri kdsitleb neid valjakutseid,
luues integreeritud td6tluse—mikrostruktuuricomaduste—funktsiooni raamistiku
SLM-i teel valmistatud ja plasmaelektroliiltilise oksidatsiooni (PEO) protsessiga
biofunktsionaliseeritud Ti—-Nb-p&histe sulamite jaoks.

TOO esimeses osas kasutati SLM-protsessi tihedate mahuliste Ti-40Nb
komponentide edukaks valmistamiseks elementaarpulbrite in-situ legeerimise teel.
Sulavanni diinaamika stabiliseerimiseks, Nb lahustumise parandamiseks ning
tootlemisest tingitud defektide, nagu poorsuse ja sulamata Nb-osakeste,
vdhendamiseks rakendati Umbersulatamise strateegiat. Uksikasjalikud
mikrostruktuuriuuringud nditasid kahefaaasilise a+f mikrostruktuuri teket.
Umbersulatamine vihendas oluliselt Nb segregatsiooni, alandas jahutuskiirust ja
soodustas mikrostruktuuri homogeniseerumist. Selle tulemusena saavutati Ti-40Nb
sulamis soodne tasakaal mehaanilise tugevuse ja plastilisuse vahel, mida
iseloomustab luukoele ldhedasem madal elastsusmoodul ja kdrge survetugevus.
Selline tugevuse ja plastilisuse stinergia on oluline koormust kandvate ortopeediliste
implantaatide puhul, tagades mehaanilise t66kindluse ning vdhendades stressi
varjestumise efekti.

Teises osas laiendati sulami disaini Fe lisamisega, et arendada Ti-40Nb-5Fe sulamit.
Faasianallilis kinnitas, et Fe toimib tugeva B-faasi stabilisaatorina ja suurendab
oluliselt B-faasi osakaalu. Mikrostruktuuri anallis naditas margatavat terade
peenestumist, mis viis kdvaduse ja tugevuse paranemiseni. Sdilinud B-faasi olemasolu
vdhendas elastsusmoodulit ja parandas deformatsioonikdvenemise kaitumist,
tagades vajaliku  tugevuse—plastilisuse kompromissi koormust kandvate
implantaatide jaoks. Elektrokeemilised uuringud fiisioloogilistes keskkondades
kinnitasid stabiilse passiivkihi teket, mis koosneb TiO,-st, Nb,0s-st ja Fe,03-st. Sulam
nditas kdrgemat polarisatsioonitakistust ja madalamat mahtuvust. Mott—Schottky
analils nditas doonortiheduste vahenemist, viidates paranenud passiivkihi
stabiilsusele ja defektikeemiale.

Kolmandas osas modifitseeriti SLM-teel valmistatud Ti-40Nb substraatide pindu
plasmaelektrollitilise okslidatsiooni abil fosfaat-silikaat ja fosfaat-silikaat-
hudrokstapatiit elektroliititides. Homogeniseeritud mahuline mikrostruktuur osutus
kriitiliseks Uhtlase tiihjenemiskditumise ja reprodutseeritava kattekihi morfoloogia
saavutamisel PEO protsessi kdigus. Saadud katted naitasid iseloomulikku kahekihilist
struktuuri, mis koosneb tihedast sisemisest barjaarkihist ja poorsest valiskihist. HAp
nanoosakeste lisamine viis TiO,—Nb,0s—Ca—P komposiitoksiidkatete tekkeni, millel oli
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vdiksem poorsus, suurem rutiilfaasi sisaldus ja parem kompaktsus. Bioloogilised
katsed MC3T3 preosteoblast-rakkudega nditasid paremat rakkude adhesiooni,
proliferatsiooni ja tsitoskeleti organiseerumist HAp-d sisaldavatel katetel.
Suurenenud pinnakaredus, paranenud méarguvus ja bioaktiivsete Ca%* ja PO4* ioonide
kontrollitud vabanemine soodustasid biomimeetilise pinnakeskkonna teket, mis on
soodne varajase osseointegratsiooni jaoks.

Kokkuvottes naitab kdesolev vaitekiri, et in-situ legeerimise, imbersulatamise abil
saavutatud mikrostruktuuri kontrolli, Fe lisamisega tehtud sulami modifitseerimise
ning PEO-pdhise biofunktsionaliseerimise kombinatsioon parandab markimisvaarselt
Ti-Nb-pohiste sulamite omadusi. Arendatud materjalid nditavad homogeniseeritud
mikrostruktuuri, paremaid mehaanilisi omadusi, stabiilset passiivkditumist ja
paremat bioloogilist vastust. See integreeritud lahenemine pakub vdimaluse jargmise
pdlvkonna pS-Ti-Nb-pdhiste implantaatide kavandamiseks ning toob esile SLM-il
pdhineva in-situ legeerimise potentsiaali kuluefektiivsete ja kliiniliselt rakendatavate
biomaterjalide arendamisel.
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Metallic materials based on Ti and its alloys are regarded as vital subject matter in biomedical applica-
tions owing to their superior properties like excellent biocompatibility, and good mechanical, and corro-
sion resistance. To instigate the efficiency and positive outcomes of the Ti-based implants, designing and
production of patient-specific geometries are the prerequisites. Materials processed by the additive man-
ufacturing technique called selective laser melting (SLM) are capable of fabricating complex designs
without any constraints. The work presents a brief review of the SLM of Ti-Nb-based alloys used for
biomedical implants. The recent advances involved in the processing of these sophisticated materials
through SLM are discussed in this review article. The influence of different process parameters on the
microstructural and mechanical properties of Ti-Nb implants is discussed along with an overview of var-
ious research work conducted so far. The potential applications of such implants are also described in this
work along with the prospects of these alloys in biomedical industries.
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1. Introduction

The ever-increasing demand for the replacement and repair of
human hard tissues, such as hip and knee joints, tooth caps, bones,
etc. because of accidental damages, genetic abnormalities, and
other diseases with stringent requirements has kindled the devel-
opment of biomedical implant materials in recent decades [1,2].
On average, about 70-80% of hard tissue prostheses are made of
metallic materials [3,4]. These metallic materials used in biomedi-
cal applications must fulfil unique properties to serve their purpose
[5]. These critical properties include biocompatibility, minimal
toxicity, high strength, low modulus, good wear, and corrosion
resistance [6]. Among the commercially available metallic materi-
als, Ti-based alloys are extensively utilized as candidates for hard
tissue prostheses due to their biocompatibility, strength, corrosion
resistance, and longevity [7-10]. Based on the crystal structures at
the equilibrium state, Ti-based alloys are differentiated into o, o
+ B, and B-type alloys [11-13]. a-type pure Ti (cp-Ti) was the first
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ments - 2022.

commercial Ti-based implant material available for biomedical
application [14,15]. However, their usage was constrained due to
their strength and wear resistance [16]. Pure Ti was alloyed with
V and Al to further enhance the properties, and several grades of
Ti6Al4V (Ti64) were concocted. The cp-Ti and Ti64 alloys unveiled
high corrosion resistance as they form an inert oxide layer when
placed in an oxidizing medium [6,17].

According to the American Society for Testing and Materials
(ASTM) the Ti grades were specified from Grade 1 to Garde 5 based
on the alloy composition, where Grade 1 represents the unalloyed
cp-Ti and Grade 5 is the maximum alloyed Ti64. The mechanical
properties of the different Grades are mentioned in Table 1 [5].
Regardless of their high corrosion resistance and biocompatible
nature when implanted inside the human body, Ti64 still posed
cytotoxic effects by the presence of Al and V [18,19]. Additionally,
the elastic modulus of cp-Ti and Ti64 is higher than that of the
human bone. The discrepancy in young’s modulus value amid bone
and implant triggers a stress shielding effect, instigating resorption
of bone around the implant, eventually leads to loosening of the
implant and further surgeries [20-22]. This paved way for the
development of new B-type alloys, with low modulus to diminish
the stress shielding effect by selecting alloying elements with less

2214-7853/© 2023 Elsevier Ltd. All rights reserved. Selection and peer-review under responsibility of the scientific committee of the International Conference on Materials
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Table 1
Mechanical Properties of the Ti-based materials and Human Bone [5,22].

Materials Today: Proceedings Xxx (XXxx) xXx

Material Specification Yield Strength (MPa) Elongation (%) Elastic Modulus (GPa)
CP-Ti ASTM F67 Grade 1 170 24 103-107

- ASTM F67 Grade 2 275 20 103-107

- ASTM F67 Grade 3 380 18 103-107

- ASTM F67 Grade 4 483 15 103-107

Ti6Al4V ASTM F136 Grade 5 795 10 114-120

Cortical Bone - 120-160 0.55-0.94 7-30

Cancellous Bone - 1.75 0.78 0.3-4

or non-cytotoxicity like Nb, Zr, Sn, Ta, Mo, etc [23-26]. The first
generation pB-Ti-based materials comprehended Ti-13Nb-13Zr,
Ti-35Nb-5Ta-7Zr, Ti-29Nb-13Ta-4.6Zr, Ti-12Mo-6Zr-2Fe [17,27-
29]. Among the B stabilizers, Nb showed promising results by
reducing stiffness and increasing corrosion resistance [30].

Numerous Additive Manufacturing (AM) techniques are avail-
able for the development of Ti-Nb-based alloys [31]. A few of
the powder bed fusion methods include selective laser melting
(SLM) or laser powder-bed fusion process (LPBF), electron beam
melting (EBM), etc. where a majority of the research is focused
on the parameter-microstructure-property optimization [32-34].
Among these techniques, SLM/LPBF is attracting much signifi-
cance in recent years due to its ability to process a wide spectrum
of materials [35-59]. Optimizing the process parameters have a
direct influence on the microstructural and mechanical property
of the final product [52,60-62]. It also facilitates the generation
of complex structures that are patient specific involving minimal
cost and wastage at a faster rate [63-65]. The foremost motiva-
tion of this work is to review the SLM process parameters and
mechanical properties of the TiNb-based B alloys fabricated by
SLM.

2. Fundamentals of SLM process and its parameters

SLM is a laser-based powder bed fusion process developed to
fabricate 3D metal parts from metallic powders. The parts are built
by means of layer-by-layer melting and consolidation of powder,
laid over the built platform inside a closed chamber under a pro-

tective atmosphere [66,67]. The process is controlled by
computer-aided design (CAD) software, through which the parts
with required geometries are designed as 3D models. The major
components of the SLM constitute a high-energy laser source, sam-
ple platform, powder feeder, a chamber with an inert atmosphere,
and a software-aided system for designing CAD models. Fig. 1 rep-
resents the schematic representation of the SLM process, and the
components associated with it. Generally, a single crystal of Nd:
YAG or Yb:YAG is used as the source of the laser beam, which is
focused over the powder bed via an optical and scanner system.
The fabrication process involves several steps from developing
the model to the separation of the finished product from the sam-
ple platform. In the initial step, the CAD model is designed in soft-
ware and uploaded to the SLM machine. CAD models comprise
details of the support structure and sliced data that act as guideli-
nes for the laser over each layer. First, a layer of powder is uni-
formly spread as a thin layer over the platform. Upon this layer,
a high-energy laser beam is focused on the predefined area, that
melts and solidifies the powder as specified by the CAD design.
The end of the laser scan completes the melting step at that layer
and the platform moves downwards for the deposition of powder
in the subsequent. For each consecutive formation of layers, the
platform is displaced downwards at a fixed height and a detach-
able recoater or feeder spreads a uniform layer of required powder
over the melted areas. Until the desired output is achieved, the
process is repeated. Once the printing is finished, the unmelted
powder is removed, and the part is detached from the substrate
[68-70].

Laser Source
Inert Chamber

Unmelted Powde

Platform Movement

a |\
T “— Lens ‘
[

Focus Lens

Recoater

—> Laser Beam

Loadcd Mectal
powder

|—— Platform

Fig. 1. Figures illustrating the basic components of the selective laser melting device [68].
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The SLM process has many advantages over conventional man-
ufacturing methods, including near-net-shape production, excel-
lent material utilization rates, and the absence of geometrical
restrictions, which enables the production of complex shapes with-
out boundaries [71-73]. The key objective of the SLM process is to
obtain maximum densification in bulk components/structures
with improved functionalities. As no mechanical loading is applied
during the process, only capillary force, gravity, and thermal effect
act on the sample, which may lead to defects like porosity. Addi-
tionally, the mechanical property of the finished product depends
on the microstructure and defects generated during the process,
which is dictated by the process parameters [74,75]. To achieve a
high degree of densification with minimal defects, it is mandatory
to carefully optimize the process parameters. Currently, several
parameters (Fig. 2) are available for optimization that are classified
as pre-process, in-process, and post-process constraints [76,77].
Improper selection of parameters for a given alloy results either
in defective samples or complete failure to print. The residual
stresses generated during the solidification process act as the
preferable sites for the initiation of cracks, which severely affects
the properties of the product. The pre-process parameters include
the powder properties including flowability, optical penetration,
packing density, and thermal conductivity, which influence the
properties of the final component. As the powder flow varies from
machine to machine, the pre-process parameters are seldom con-
ferred by the gap in information associated to pre-process param-
eters [77,78]. The in-process parameter is well demarcated (Fig. 3)
with the aid of below mentioned volumetric energy density, E
equation,

P

=ty

)

where P is the laser power in Watt, v is the scanning speed in mm/s,
t is the layer thickness in mm and s is the hatch spacing in mm.
In general, to achieve a high-quality component, an optimum
value of laser energy density is required [75]. This value varies
from material to material and is based on their properties. With
increasing energy density (by increasing the laser power and
decreasing the scan speed) the product density and mechanical
property of the parts may increase. Alternatively, when the laser
power is decreased with increasing scan speed, the quality of the
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s

or Platform’
A :
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Fig. 3. Schematic representation illustrating the process parameters including scan
speed, layer thickness, laser power and hatch spacing [77].

product is affected [75]. The most common defects formed during
the process are keyhole porosity caused by the vaporization of par-
ticles due to overheating and balling effect (spheroidal beads
formed because of insufficient wetting of preformed layers and
surface tension). Irregularly shaped porosities will be formed if
improper process parameter sets are used. The hatch spacing is
explained as the distance between the centers of two subsequent
laser scans having the least impact. The porosity and surface
roughness of SLM-produced parts are greatly influenced by scan
spacing, which controls the overlap of consecutive solidified tracks.
To guarantee strong bonding between neighbouring tracks, the
scan spacing should be carefully set. The layer thickness (t) indi-
cates how much power is required and how long it will take to pro-
duce a layer of powder. Layer thickness is crucial because
remelting previously processed layers is obligatory to achieve an
adequate connection between layers [79-81]. Other significant fac-

SLM Process Parameters
T
[ I I 1
Laser Scan Powder Temperature
Layer Powder Bed
Lrises Bt Scan Speed Thickness Temperature

Spot Size  |—Hatch Spacing

Platform
Temperature

Particle Size

Scan Pattern

Material

Property

Fig. 2. Schematics illustrating the various process parameters involved during the production of parts using the selective laser melting process [77].
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tors during the SLM process include the way in which the melting
takes place (i.e.) the hatch style/scan style/hatch strategy. The pat-
tern typically consists of parallel and straight lines with some pos-
sibility of circular and spiral coverage. The scan strategy/hatch
strategy can be modified between single or consecutive layers
based on the requirement. Generally, three different variations
found are unidirectional, bidirectional, and zigzag. Furthermore,
the scanning direction can be rotated to various angles between
consecutive layers. These patterns impact the quality of processed
parts [82,83].

3. Ti-based materials processed by SLM

Ti and its alloys are the second largely investigated material
after Fe-based alloys due to their diverse applications in the
biomedical (medical) and aerospace (structural) sectors. Due to
its high reactivity and sensitivity to atmospheric elements like N,
0, H, and C, processing Ti, and its alloys via a conventional method
like casting is difficult and at the same time machining pure Ti is
also a daunting task. In addition, the reduction and refining of Ti
from its ores makes it an expensive metal. High production cost
and criticality in producing complex structures made SLM an ideal
route for fabricating Ti and its alloys [84]. Versatile properties of Ti
like high strength, low modulus, and corrosion resistance enable
their usage in numerous fields including aerospace, chemical
industry, biomedical application, and so on. However, the low elas-
tic modulus and high corrosion resistance of Ti alloys resulting in
reduced cytotoxicity when implanted qualify for long-term usage
in biomedical applications. Based on the alloying elements the
properties of the material vary [6,82]. Cp-Ti and Ti64 are FDA-
approved, and commercially available implant materials. Various
studies influencing the mechanical and microstructural properties
by varying the process parameters were investigated on cp-Ti and
Ti64 materials. It is inferred that by varying the process parame-
ters, the resulting microstructure is influenced, which directly
affects the properties of the material. A study by H. Attar et al.
on cp-Ti varied the laser power and laser scan speed in the range
of 85W to 165W and 71 mm/s to 138 mm/s, respectively, to
achieve parts with a relative density of ~ 99.5% [85]. The outcomes
revealed that an optimal combination of process parameters can
lead to parts with improved hardness, tensile and compressive
strength with minimal porosity and detrimental effects as a result
of the formation of o martensitic grains [85]. Gu et al. worked on
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the microstructural evolution of cp- Ti to achieve a fully dense
parts with varying scanning speeds (200-300 mm/s [86]. Accord-
ingly, the microstructure changes from initial coarse o grain to aci-
cular o martensite. Thijs et al. work on Ti64 showed improved
hardness and strength for the SLM fabricated part as compared
to the counterpart fabricated by conventional casting due to the
formation of martensitic microstructure [72]. Other reports also
show that the SLM fabricated Ti64 shows improved properties as
compared to their cast counterparts [87-89]. Specific process
parameters providing short interaction, high localization, and
higher temperature gradient results in the formation of epitaxial
martensitic phases. The toxic effect displayed by vanadium in
Ti64 paved the way for the evolution of Ti-6Al-7Nb (Ti67) alloy
with reduced toxicity [90,91]. Furthermore, to have a reduced
stress shielding effect between bone and the implant, low Young's
modulus is an additional prerequisite for an implant material. For
this purpose, B-type Ti-Nb alloys possessing reduced Young’s mod-
ulus values are studied intensively in the field of biomedical
applications.

4. Microstructure and mechanical properties of p-type Ti-Nb
alloys

Nb as an alloying element is an isomorphous B-phase stabilizer
and aids in the prevention of the o phase formation by stabilizing
the B-phase at room temperature. As o-phase is responsible for the
higher modulus at room temperature, replacing it with B-phase
will benefit in the drastic reduction of the modulus value [92,93].
Compared to other B-phase stabilizers Nb is found to have high
strength and low modulus values, enabling them as a potential
candidate for orthopaedic application [94,95]. The fraction of alloy-
ing elements influences the biomechanical properties of the final
product by affecting their microstructure [96]. The biomechanical
property of the implants plays a key role in its long-run in load-
bearing applications. The elastic modulus between bone and
implant should match to improve implant efficiency. By tuning
the process parameters, the Young's modulus of desired value
can be achieved (Fig. 4).

A set of Ti-45Nb was investigated by varying the process
parameter to check the resulting changes in the nano hardness
and Young’s Modulus of the SLM fabricated parts. By varying laser
power (60, 65, 70, 75, and 80 W) with 60 mm/s laser scan speed
and by varying laser scan speed (40, 50, 60, and 70 mmy/s) with a
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Fig. 4. Young's Modulus and nano hardness values of TI-Nb specimens with the following process parameters: (a) 60 mm/s scan speed with varied power, and (b) 80 W with

varied scan speed [97].
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Fig. 5. Plot showing the relation between the energy density considered and the ration of the unmelted Nb particle retained to the added Nb (%).

constant laser power of 80 W was used with straight line strategy
and a layer thickness of 0.05 mm. The obtained results depicted
that the selected power and laser scan speed influence Young’s
modulus greatly. An average Young's modulus of 84 GPa was
observed for the sample fabricated with power ranging between
60 and 70 W and further increase of laser power to 80 W, the value
of Young’s modulus decreases to 58 GPa. A similar average value of
58 GPa was obtained for the samples fabricated between the scan-
ning speeds of 40-60 mmy/s. Further increasing the scanning speed
to 70 mm/s, Young’s modulus surges to 82 GPa. This in turn
demonstrated that a surge in Nb content decreases the Young’s
Modulus [97]. Mechanical properties of different TiNb alloys with
respect to their process parameter is stated in Table 2. Microstruc-
ture study on Ti-Nb alloys exhibited primarily p-phase along with
several martensitic phases like o/~(Nb < 13 wt%), o’-(Nb > 25 wt%)
and o- (hexagonal) along the grain boundaries, with varying wt.%
of Nb and energy density. For samples processed with low energy
density, residual Nb particles are observed, which is responsible for
the presence of martensitic phases. Since Nb has a higher melting
point than Ti, lower values of energy density may possibly leave
unmelted Nb particles. With increasing energy density, a more
homogeneous B-microstructure may be formed. The rapid cooling
rate of SLM gives rise to dendritic structures formed along the
build directions [98,99]. Several works inferred that increasing
the Nb content increases the volume of the B phase, and the energy
density value influences the resulting microstructure [85,96,100-
103] (Fig. 5).

5. Conclusions

The present study is a brief review of the SLM processing of Ti-
Nb B-based alloys intended for biomedical applications. It is evi-
dent that the process parameters play a key role in the resulting
microstructural properties of the Ti-Nb alloy. The difference in
the melting point between Ti and Nb gives rise to unmelted Nb
particles distributed in the B grains. To achieve a more homoge-
nous microstructure, an optimum energy density value coupled
with a slow scan rate should be utilized, so that sufficient time will
be provided for the complete melting of Nb particle. Among the
studied alloys, Titanium with 35-40% Nb is found to have the low-
est Young's modulus value of ~50 MPa. The future scope of the
work is to study the mechanical properties of the Ti-40 Nb alloy

post-heat treatment. It is expected to depict a much lower young’s
modulus value, that can be utilized in the hard tissue application.
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ARTICLE INFO ABSTRACT

Handling editor: M Meyers Ti-Nb alloy fabricated via selective laser melting (SLM) serves as a promising candidate for orthopedic implants

due to its exceptional biocompatibility and ability to mitigate stress-shielding effects. However, processing of in-

Keywords: situ alloyed Ti-Nb powder results in non-homogeneous microstructures and incomplete melting and diffusion of

A_ddmve manufacturing Nb hindering material homogeneity. In this study a laser remelting strategy was employed to enhance micro-

;l’Nbl:‘Hoy structural homogenization, Nb diffusion, and defect reduction. The effect of the cooling rate on the micro-
emelting

structure and mechanical properties of the resultant samples was explored. X-ray diffraction confirmed the
presence of @'+ phase in single and triple melted samples. Remelted samples exhibited superior microstructural
uniformity, reduced porosity, larger grain size, and increased o’ martensite morphology as confirmed by scanning
electron microscopy (SEM) and transmission electron microscopy (TEM). TEM analysis shows reduced disloca-
tion density and twins upon remelting. The mechanical properties of the remelted sample maintained a desirable
combination of low modulus and high strength with a hardness of 368 + 7 HV, yield strength of 820 + 35 MPa,
compressive strength of 1480 + 50 MPa, and an elastic modulus of 33 + 3 GPa. This work proves laser remelting
is an effective strategy for fabricating Ti-40Nb alloy from elemental powder contributing to the development of
orthopedic implants.

In-situ alloying

1. Introduction stainless steel (SS), cobalt-chromium (Co—Cr), and titanium (Ti) based

alloys [4,5]. However, Ti-based alloys are preferred over other materials

Implants are synthetic materials that replace or support damaged
biological components, enhancing their functions [1]. The application of
these implants varies widely from simple dental applications to complex
systems such as pacemakers, orthopedic parts, etc. [2]. With the
growing elderly population suffering from arthritis and other joint in-
juries, the need to replace damaged bones with orthopedic implants has
recently increased [2]. Implants must exhibit adequate strength and
biocompatibility to effectively support the damaged bones and integrate
them with physiological conditions [3]. Based on these requirements,
70-80 % of orthopedic implants are made of metallic materials such as

owing to their superior corrosion resistance, high strength-to-weight
ratio, and biocompatibility [6]. Among the different Ti-based alloys,
Ti-6A1-4V gained much attention due to its high strength and corrosion
resistance [7]. Regardless of its advantages, Ti-6Al-4V exhibits a higher
elastic modulus (100-120 GPa) than the cortical bone (<30 GPa) [8].
This difference in elastic modulus leads to osteopenia, which causes the
developing bone to attain insufficient density because of the
stress-shielding effect [9]. In the long term, due to insufficient stiffness
and thickness of regrown bone tissues, the loosening of implants occurs
triggering implant failure [2]. In addition, Ti-6Al-4V exhibits poor wear

* Corresponding author. Department of Mechanical and Materials Engineering, Karlstad University, SE-65188, Karlstad, Sweden
** Corresponding author. Department of Mechanical and Industrial Engineering, Tallinn University of Technology, Ehitajate tee 5, 19086 Tallinn, Estonia
E-mail addresses: jayaraj.jayamani@kau.se (J. Jayaraj), kgprashanth@gmail.com (K.G. Prashanth).

https://doi.org/10.1016/j.jmrt.2025.08.203

Received 15 July 2025; Received in revised form 18 August 2025; Accepted 23 August 2025

Available online 25 August 2025

2238-7854/© 2025 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).



S. Subramanian et al.

resistance and the release of toxic metal ions like V can provoke adverse
tissue reactions [10]. Consequently, the recent demands increased the
emphasis on developing novel implant material that addresses the
stress-shielding effect with non-toxic metals [11].

For the long-term usage of implants, they should include low elastic
modulus, high strength, non-toxicity, biocompatibility, corrosion, and
wear resistance [12]. In response to these requirements, the g-type Ti
alloys have emerged as a promising alternative to Ti-6Al-4V (a+$) alloy
due to their favorable combination of low elastic modulus, corrosion
resistance, biocompatibility, and non-toxicity [13,14]. Some of the
commonly used non-toxic #-stabilizing elements include niobium (Nb),
tantalum (Ta), zirconium (Zr), and molybdenum (Mo) [15-17]. The
advancements in the g-type Ti alloys have led to the development of
Ti-Nb [18], Ti-Nb-Ta [19], Ti-Mo [20], TNZT, and other alloys [13,21].
In particular, the Ti-Nb alloy has been explored extensively for its su-
perior cell adhesion, non-toxicity, bioinertness, and lower elastic
modulus ranging from 30 to 90 GPa [22]. This alloy exhibits superior
toughness, a critical property for enhancing the long-term mechanical
durability and fatigue resistance of orthopedic implants [13]. Further-
more, Ti-Nb alloy forms an oxide layer (NbyOs) on the surface and
promotes the growth and proliferation of osteoblasts more effectively
than other fg-type alloys [23]. Based on the implant requirement, the
properties of Ti-Nb alloy can be tailored by varying the alloy compo-
sition and processing conditions. In the allotropic Ti-Nb system, the
composition (wt.%) of Nb significantly influences the alloy properties.
An increase in Nb content leads to a decrease in elastic modulus due to
the formation of a body-centered cubic (bcc) structured g-phase at room
temperature [24]. However, an excessive amount of Nb addition to Ti
results in an increase in the elastic modulus of the Ti-Nb alloy [25,26].
The influence of f-stabilizing elements on the stabilization of the low
modulus g-phase can be evaluated using the molybdenum equivalence
(Moeq) parameter, which is defined as follows:

Mo, =1.0 (wt. % Mo) + 0.28 (wt. % Nb) + 0.67 (wt. % V)
+0.44 (wt. % W) + 0.22 (wt. % Ta) + 2.9 (wt. % Fe) + 1.6 (wt. % Cr)
— 1.0 (wt. % Al)
@™

It has been reported that the volume fraction of the -phase increases
with higher Mo, values, and the f-phase is fully stabilized when the
Mo, value exceeds 10 % [27]. Based on the published reports and the
Moy, the critical wt.% of Nb required to stabilize the g-phase at room
temperature ranges between 40 and 50 wt% [28]. Henceforth, in the
present study, Ti with 40 wt% Nb, was taken as the alloy for
consideration.

Due to a higher melting temperature of Nb (~2750 K) than Ti
(~1940 K), the development of suitable fabrication techniques to ach-
ieve a homogeneous microstructure with complete melting and mixing
of the elements has become a critical issue. Traditionally, techniques
such as casting and sintering were employed for the manufacturing of
the Ti-Nb alloy. Studies by Lee et al. [29], Rafael et al. [30], etc.
demonstrated the structure-property relationship of Ti-Nb alloy fabri-
cated by casting methods. Studies by Hao et al. [31], Karre et al. [32],
etc. investigated the fabrication of Ti-Nb alloy via spark plasma sin-
tering (SPS) process. Regardless of the advantages offered by these
methods, they encounter challenges such as high material wastage, long
processing time, and post-processing requirements. In this regard, ad-
ditive manufacturing (AM) has emerged as a promising alternative for
the fabrication of Ti-Nb alloy with distinct advantages like design
flexibility, rapid prototyping, and rapid manufacturing. The AM in-
cludes processing methods such as powder bed fusion (PBF), direct en-
ergy deposition (DED), binder jetting (BJ), material jetting (MJ), VAT
polymerization, metal extrusion and sheet lamination [33,34]. For
metallic materials the powder bed fusion (PBF) method such as selective
laser melting (SLM) and electron beam melting (EBM) is the widely
utilized owing to its layer-by-layer part construction and producing
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near-net-shaped components with the ability to print customizable
patient-specific implants [35-37]. However, owing to smaller laser spot
size enabling fabrication of finer parts, better surface finish due to the
use of smaller powder size (15-45 pm) and ease of maintaining inert
atmosphere during processing, SLM is widely explored as compared to
electron based PBF process [38]. During the SLM fabrication of Ti-Nb
alloy, pre-alloyed feedstock powder produced by gas-atomization has
been widely adopted [15]. Similarly, Zhongjie et al. fabricated highly
dense Ti-41Nb samples with uniform microstructure by utilizing
pre-alloyed Ti-41Nb powder [39]. Stefan et al. controlled Young's
modulus of the Ti-42Nb implant fabricated using the pre-alloyed pow-
der by using a texturing approach [40]. Similarly, Qin et al. fabricated
Ti-35Nb samples from pre-alloyed powder and evaluated its corrosion
behavior in Hank’s solution [41].

Despite the proven reliability of pre-alloyed powders, their applica-
tion is constrained by several factors: (1) The substantial cost of pre-
alloyed powder arising from multiple factors, including the atomizer
design, expensive inert gas, energy consumption, and feedstock ex-
penses. These combined elements significantly contribute to the overall
price of pre-alloyed powder [42], (2) processing alloys or metals with
high melting points using gas atomization presents several challenges,
including low mass flow rate, heat extraction rate, viscosity of molten
metal, and nozzle clogging creating complexities in their fabrication
[43], (3) the gas entrapment during the atomization process may result
in the formation of hollow and satellite powder particles, which affects
the powder bulk density and the properties of the fabricated parts [44],
(4) the small energy of high-pressure gas created during the atomization
process has a notable impact on the fragmentation ratio of the molten
melt, leading to decreased powder yield [42], and (5) finally, achieving
the desired powder size range, precise control, and expertise over a
complex process is necessary for its utilization in AM-based processes.

To address these constraints, researchers have transitioned to in-situ
alloying of elemental powders that offer a more cost-effective, compo-
sitionally adaptable, sustainable, and readily available alternative [45].
Though reports have demonstrated the successful fabrication of Ti-Nb
alloy using elemental powder, issues such as non-homogeneous micro-
structure, incomplete melting, and phase segregation of Nb particles
persisted [46]. The disparities in the melting temperature of Ti (1668 °C)
and Nb (2468 °C) induce incomplete melting (avoiding congruent
melting), while the difference in the density (Ti - 4.5 g/cm® and Nb - 8.6
g/cmS) and limited solubility of Nb in Ti (20-30 wt% in equilibrium
condition) triggers phase segregation, and non-homogeneous micro-
structure formation [47]. Unlike the equilibrium condition, the
non-equilibrium solidification process in the SLM, characterized by
rapid cooling, improves the Nb solubility in Ti via the solute trapping
effect, thereby facilitating the stabilization of the p-phase [48]. For
instance, Ye et al. [49] investigated solute redistribution in binary Ti
alloy systems during rapid solidification and found that high concen-
trations of solute could be retained within the solid phase, while the
typical segregation behavior was suppressed due to the insufficient time
available for atomic diffusion. Supporting this, the multi-physics
modelling by Yongfu et al. [50] simulated the non-equilibrium solidi-
fication microstructure of Ti-41Nb alloy fabricated using SLM. The re-
sults revealed that the rapid solidification involved in the SLM process
mitigated the micro segregation of Nb by the solute trapping effect.
Hence, to harness the benefits of elemental powders effectively, it is
essential to employ optimized process strategies. In this context,
remelting has emerged as a promising approach. Upon working with
p-type Ti-Ta alloy, Zhang et al. suggested that a remelting strategy could
effectively address issues such as unmelted particles, phase segregation,
and non-homogeneous microstructure [51]. In addition, several studies
involving the remelting approach to fabricating Ti-based alloys have
highlighted the advantages of using such a remelting strategy [52].

Karimi et al. carried out a comprehensive study on the influence of
single, double, and triple melting sequences on the microstructure and
mechanical properties of SLM-processed Ti6A14V alloy [53]. It has been
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reported that the different melting sequences employed significantly
affected the microstructure of the Ti6Al4V alloy [53]. The size and
distribution of martensitic phases were altered by the thermal cycles
induced by each melting strategy. In particular, the triple melting
resulted in a more refined and homogenous microstructure compared to
single and double melting indicating that laser remelting can effectively
enhance the microstructural characteristics of fabricated samples. A
study revealed that remelting offered the formation of both a and g
phases (increased concentration) due to the decomposition of meta-
stable o' phase, while also influences in reducing the external defects
(porosity) and hardness, especially at lower scanning speeds [54]. In the
case of the remelting strategy, there are reports that state increased
cooling rate with remelting and some reports also portray otherwise,
where the cooling rate decreases with remelting [55]. It was suggested
that the effect of cooling rate variation during remelting is
alloy-dependent, even though microstructural homogenization and
reduction in defect concentration are observed as the general trend.

Multiple reports involving surface remelting have been reported and
it has been observed that with remelting surface defects such as cracks,
surface roughness, and porosity were reduced drastically or eliminated
[56,57]. In addition, remelting enhanced the mechanical and tribolog-
ical properties of the processed materials by refining their microstruc-
ture and reducing the defects concentration [58,59]. Song et al. worked
on the fabrication of 18Ni-300 maraging steel where they reported that
remelting improved the relative density of the sample from 98 % to
~99.9 %. Similarly, Brodie et al. and Karimi et al. have reported that
remelting is a promising strategy for the fabrication of in-situ alloyed
elemental powder via the SLM process with homogenized composition
[51]. In addition, numerous studies have highlighted the benefits of
employing a remelting strategy for the processing of Ti-based alloys;
however, the information available on the effect of remelting on the
properties of the Ti-Nb alloy is limited. Sheng et al. employed a
remelting technique to fabricate in-situ alloyed Ti42Nb composite
powder [60]. The laser remelting process, which incorporated single and
double melting steps, demonstrated a reduction in the presence of
unmelted Nb particles and defects such as porosity. Despite these im-
provements, the complete removal of unmelted Nb particles and
porosity remained unattained even after double melting. In addition, an
in-depth analysis of the phase composition, microstructural character-
istics, or mechanical properties of the remelted samples is still
unavailable.

Based on a detailed literature survey, and the gaps that exist w.r.t.
the use of pre-alloyed powder, laser remelting strategy, and micro-
structural homogenization, this study aims to examine the impact of
laser remelting on the properties of in-situ alloyed Ti-40Nb powder
produced through the SLM process. To evaluate the effectiveness of the
remelting strategy, two melting conditions such as single melting (SM)
and triple melting (TM) were utilized for the fabrication of Ti-40Nb
from elemental powders. A detailed structural and microstructural
characterization has been carried out to evaluate the influence of the
remelting strategy on the fabrication of Ti-40Nb alloy. In addition, the
mechanical properties (hardness and compressive strength) of the SLM-
processed Ti-40NDb are evaluated and the structure-property correlation
has been elucidated. This study stands as a testimony to the fabrication
of SLM-processed Ti-40Nb with uniform microstructure using a laser
remelting strategy from the elemental powders.

2. Materials and methods
2.1. Feedstock material

The present study fabricates Ti-40Nb samples using elemental
powders of commercially pure Ti (CP-Ti, 25 pm, Nanoshell, UK) and
Niobium (Nb, 27 pm, Pacific Particulate Materials Ltd., Canada). To
ensure a uniform distribution of the powder particles, 60 wt% of CP-Ti
was mixed with 40 wt% of Nb in a plastic vial using a mechanical
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mixer for 24 h at a rotating speed of 10 rpm.

2.2. Fabrication by selective laser melting

The bulk samples of Ti-40Nb(wt.%) alloy were fabricated using the
SLM 280 2.0 machine (Manufacturer: SLM Solutions), equipped with an
IPG 1064 nm fiber laser with a maximum power of 700 W and a spot size
of ~110 pm. The process parameters utilized for the fabrication of the
elemental Ti-40Nb samples include a laser power of 650 W, scan speed
of 650 mm/s, hatch spacing of 0.035 mm, layer thickness of 0.03 mm,
and hatch rotation of 67°. The volumetric energy density is calculated
using equation (2).

P
Eq= VAt 2)
where P is the laser power (650 W), v is the scan speed (650 mm/s), h is
the hatch spacing (0.035 mm), and t is the layer thickness (0.03 mm).
The resulting volumetric energy density is approximately 900 J/ mm?, A
straight-line hatch strategy was employed to fabricate the bulk samples
[61]. During fabrication, each layer is melted either once or thrice to
study the effect of remelting. The schematic representation of the
melting condition involved during the fabrication of Ti-40Nb samples is
illustrated in Fig. 1. During the single melt (SM) process, each layer was
melted once and during the triple melt (TM) process each layer was
melted thrice with the same parameter in the same direction without
any hatch rotation [62-64]. A continuous flow of Argon gas (99.9 %
purity) maintained an inert atmosphere during the fabrication process to
avoid oxygen contamination. The Ti-40Nb samples were printed over a
Ti substrate of 30 mm thickness and the fabricated samples were
removed from the substrate using wire electrical discharge machining
(WEDM). Cuboid samples of dimensions of 5 mm x 5 mm x 5 mm were
printed in the SM and TM conditions.

2.3. Material characterization

2.3.1. Structural characterization

The structural characterization of the powder and the bulk Ti-40Nb
samples was carried out using the Brucker-AXS X-ray diffractometer
(XRD) fitted with Cu-Ka radiation (where 4 = 1.54 A). The diffraction

Single meltin,

Powder « Powder

layer

15t layer

Triple melting

Powder .
layer

1%t layer

21 Jayer

Fig. 1. Schematics illustrate the single and triple melting conditions employed
during the selective laser melting of Ti-40Nb samples. During the single
melting process, the powder bed was melted once and during the triple melting
process, the same layer was melted three times without any hatch rotation.
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experiments were carried out between the diffraction angle ‘26’ from
30° to 90° with a step size of 0.02°. The phase analysis and unit cell
parameters were analyzed by the Rietveld refinement using Highscore
Expert Plus software. To evaluate micro strain, the Williamson-Hall
(W-H) method was applied using the following relation [65].
/1‘0036:54si119+’%1 3)
where D is the crystallite size, k is the Scherer constant (0.94), A is the
wavelength of the Cu-Ka radiation (1.54 ;\), p is the full width half
maximum (FWHM) of the peaks, and 6 is the peak position. A plot of
cos 6 vs 4 sin 0 was constructed, from which the slope of the linear curve
yielded the micro strain. The chemical composition of the Ti-40NDb alloy
powder as evaluated by inductively coupled plasma optical emission
spectroscopy (ICPOES) was found to be Nb ~40.3 wt%, O < 0.07 wt%,
Ti — balance. The density of the bulk SM and TM samples was measured
using Archimedes’ principle (Mettler Toledo ME204, Germany).

2.3.2. Microstructural characterization

The SLM-fabricated samples for microstructural analysis were me-
chanically ground using SiC paper with grits ranging from P400 to
P4000 as per standard metallographic procedures. The final polishing to
a mirror finish was performed using colloidal silica (0.05 pm suspen-
sion). The porosity of the samples was analyzed using Zeiss optical mi-
croscopy (OM) and the image analysis of the optical micrographs was
done using the ImageJ software to estimate the porosity level in the SM
and TM samples. The microstructural details were analyzed using
scanning electron microscopy (Zeiss FEG, Germany) in backscattered
electron (BSE) imaging mode. In addition, image analysis of the SEM
micrographs using Image J software was performed to measure the
morphology of o martensite and grain size of the SM and TM samples. A
total of 100 measurements were taken to measure the length and width
of the o martensite as well as for grain size, and their average values
were reported. The presence of twins and dislocation density were
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characterized using a transmission electron microscope (TEM, Tecnai G2
F20, FEI, Germany) equipped with a 200 keV energy dispersive spec-
trometer (EDS), and a high-angle annular dark-field (HAADF) using an
FEI 80-300, and nano diffraction.

2.3.3. Mechanical testing

The Vickers microhardness of the as-fabricated SM and TM samples
was tested using the Buehler Micromet machine, with a 1000 g load and
dwell time of 10 s. Ten values were taken for each sample and their
average value was reported. A room temperature compression test was
carried out on the INSTRON-5967 machine with a strain rate of 107>
mm/s and load cell of 30 kN. The compression samples of 6 mm width x
3 mm diameter (according to the ASTM E8 standard) were cut from
cuboid samples using WEDM. Three samples were tested in each con-
dition to ascertain the reproducibility of the results.

3. Results
3.1. Powder characterization

The SEM images of the CP-Ti, Nb, and Ti-40Nb powders are dis-
played in Fig. 2. The gas-atomized CP-Ti powder, as depicted in Fig. 2(a
and b) displays a spherical morphology with satellites attached to the
surfaces of larger particles. These satellites were formed by the collision
between semi-liquid particles and solid particles during the gas-
atomization process [66]. The presence of satellites may hamper the
flowability of the powder particles. The average particle size (diameter)
of the CP-Ti particles is found to be 25 + 4 pm (Fig. 2(c)). The Nb
powder, as shown in Fig. 2(d and e), exhibits irregularly shaped particles
resulting from the milling process. During the solid-state mechanical
milling, repeated cold welding (due to plastic deformation and
agglomeration of particles leading increase in the size and change of
shape of the samples), fracturing (reduction of size and change in
morphology of the samples), and rewelding of the particles take place

= Ecp-Ti

20-

Mean =25 =4 um|

5 3

Count (no units
L]

L
~_~
)
—

10 20 30 40 50 60

Diameter (um)

I Nb Wideh [EEIND length

~
=

@ Mean: (w) =21+ 6 pm, () =27+ 8 pm
18
=
=]
2
=
s
=
S 6
S
0 L
0 10 20 30 40 50 60
Size (um)
[_JmisoNp Mean =24+ 3 pm
2 20
£ 16
=
= 12
R
=3
C 4

=2
N’

s

20 30 40
Dimension (um)

50 60

Fig. 2. Scanning electron microscopy images of the powders: (a,b) commercially pure titanium, (d,e) niobium, and (g,h) Ti-40Nb (wt.%) powder mixture. Plots
showing the particle size distribution of the powders: (c) commercially pure titanium (average diameter - 25 + 4 pm), (f) niobium (average width and length, 21 + 6
pm and 27 + 8 pm, respectively), and (i) Ti-40Nb (wt.%) powder mixture (average size - 24 + 3 pm).
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(increase in the size of the sample and change in shape) [67]. During this
process, samples with irregular morphology will be attained as shown in
Fig. 2(d and e). The irregular morphology of the samples may hinder the
flowability of the powder particles. The average particle size of the Nb
powder is found to be 21 + 6 pm in width and 27 + 8 pm in length
(Fig. 2(f)). The powder mixture (Ti-40Nb) shows the combination of Ti
(spherical) and Nb (irregularly shaped) powder particles (Fig. 2(g and
h)). It may be observed that the solute Nb is uniformly distributed
around the Ti solvent particles. The average size of the powder mixture
is observed to be 24 + 3 pm (Fig. 2(i)). Concerning the average particle
size (24 + 3 pm) of the composite, it is within the usual range employed
for the SLM fabrication process (20-60 pm). However, w.r.t. the powder
shape, the mixture of spherical particles with satellites, and the irregu-
larly shaped Nb particles may hamper their flowability and in turn the
effective powder bed density (spreading of the powder particles).

3.2. Structural and microstructural analysis

The phase analysis of the powders and the bulk SM and TM Ti-40Nb
samples is illustrated in Fig. 3. The CP-Ti powder exhibits the presence of
a hexagonally closed-packed (hcp) a-phase with the space group of P63/
mmc, and the Nb powder exhibits the presence of a body-centered cubic
(bcc) p-phase with the space group of Im-3m [68]. Accordingly, the
Ti-40Nb powder exhibited the presence of both phases: a-CP-Ti (hcp)
and f-Nb (bcc). Additionally, Table 1 furnishes the crystal lattice pa-
rameters for the powders and the SLM-fabricated bulk Ti-40Nb samples.
Notably, the lattice parameters of CP-Ti (ay and c,) and Nb (ap) align
closely with values reported in the literature [68,69]. When the lattice
parameters of CP-Ti and Nb are compared with the lattice parameters of
the Ti-40Nb alloy mixture, no significant variations are observed, sug-
gesting the absence of strain during the mixing of Ti-40Nb alloy powder
[70,71].

The diffraction patterns of the bulk SLM-fabricated SM and TM
Ti-40Nb samples in Fig. 3(a) demonstrated the presence of the meta-
stable p-phase with a space group of Im-3m [40]. This bcc crystal
structure observed for the SM condition may be attributed to the pres-
ence of both the TiNb phase and the unmelted Nb (however, charac-
terized here as f-phase — see microstructural analysis for more details).
On the other hand, the bcc phase observed in the TM sample may be
attributed solely to the TiNb phase - -phase (since the unmelted Nb is
absent). While the peaks corresponding to the metastable «-phase (with
a space group of P63/mmc) were not evident in the SM sample (within
the XRD detectable limits), a noticeable increase in peak intensity for the
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Table 1
The table furnishes the Rietveld-refined crystal lattice parameters for Ti-40Nb
samples in powder and bulk forms.

Sample description ag (nm) a, (nm) ¢, (nm)
CP-Ti powder - 0.29507 0.4684
Nb powder 0.3305 - -
Ti-40Nb powder 0.3309 0.2951 0.4681
SM Ti-40Nb bulk alloy 0.3294 0.2999 0.4761
TM Ti-40Nb bulk alloy 0.3292 0.2976 0.4775

(002), (101), (110), and (112) planes were observed in the TM condi-
tion. Upon cooling from temperatures above the p-transit temperature
(882 °C) (depending on the cooling rates), the metastable j-phase
transforms completely into a phase or stable a+j phases [25,26].
However, the rapid heating and cooling involved during the SLM process
hinder the growth of the stable a+/ phases, subsequently leading to the
formation of metastable phases like o with hcp crystal structure or o’
with orthorhombic crystal structure along with the g-phase at room
temperature [9,12]. Consequently, the solidification mechanism
observed during the cooling of the SM and TM Ti-40Nb samples involves
a non-equilibrium phase transformation from the stable g-phase to the
metastable ¢ and ff phases. Furthermore, as shown in Table 1, the lattice
parameters of o martensite (a, and ¢;) in the TM sample align with the
literature, confirming the presence of metastable ¢’ and $ phases [53].

Fig. 3(b) illustrates the shift and broadening in the g-phase (110)
diffraction peaks for the SLM-fabricated SM and TM samples when
compared to the elemental powder mixture. The peak shift toward
higher 26 values indicates a reduction in lattice parameter, attributed to
the substitutional incorporation of Nb atoms into the Ti lattice, while the
broadening effect is due to the strain created during the lattice
contraction [72]. Although the atomic radii of Ti (0.147 nm) and Nb
(0.146 nm) are nearly identical, the incorporation of Nb atoms into the
Ti lattice results in contraction of the lattice, giving rise to localized
strain in the unit cell. The Rietveld refinement confirms that the lattice
parameter decreased from a; = 0.3305 nm in the powder state to ag =
0.3291 nm in the SLM-fabricated SM and TM samples. The micro strain
values calculated by the W-H method were 0.3 + 0.02 x 1072 for the
Ti-Nb powder, 4.2 + 0.1 x 10~3 for the SM sample, and 3.6 + 0.1x 1073
for the TM sample. These results confirm the effects of Nb solute
incorporation in the peak shift and micro strain associated with peak
broadening. The OM images in Fig. 4(a and b) illustrate the variation in
porosity observed between the SM and TM Ti-40Nb samples. The
unetched samples do not show any distinct features other than the
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Fig. 3. (a) X-ray diffraction (XRD) patterns of the CP-Ti, Nb, and Ti-40Nb powders compared with the selective laser-melted Ti-40Nb samples in both single (SM)
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4309



S. Subramanian et al.

¥V

Porosity

Fig. 4. Optical microscopy and micro-CT images of the selective laser melted
(a,c) single melt and (b,d) triple melted Ti-40Nb samples. The yellow arrow in
the image highlights the presence of porosity.

defects (porosity). Image analysis on the OM images revealed that the
porosity size in the SM sample ranged from 20 pm to 70 pm with an
average of ~40 pm. In contrast, no visible porosity was observed in the
TM sample. In agreement with the OM image analysis, the micro-CT
images in Fig. 4(c and d) show a reduced porosity from the SM (1.33
%) to the TM (0.77 %) sample because of remelting. This indicates that
the remelting approach effectively reduced porosity, thereby enhancing
the density of the remelted sample. The relative density of the sample
increased from ~96 % in the SM condition to ~99.5 % in the TM con-
dition. These findings align with the work of Fei et al., demonstrating
that the remelting process promotes improved densification and a sig-
nificant reduction in porosity [73].

The SEM images in Fig. 5 illustrate the microstructural features of SM
and TM samples along with the elemental mapping. The SM sample
(Fig. 5(a—c)) exhibits a non-homogeneous microstructure characterized
by porosity, unmelted Nb particles, and regions with Nb-rich and defi-
cient areas. The microstructure consists of three distinct regions: the
grey regions correspond to the presence of f-phase, the dark region
corresponds to the o martensitic phase, and the bright regions

200 pm

100 pm
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correspond to the unmelted Nb particles. The non-homogenous micro-
structure, with areas rich and poor in Nb, indicates the insufficient
melting and diffusion of Nb particles during the SLM process. This
incomplete diffusion of Nb could arise from the differences in the
melting temperature of Ti (1668 °C) and Nb (2468 °C). Further, the
randomly oriented o martensite was observed over the § matrix. The
higher cooling rate observed during the SM processing restrained the
growth of o martensite, resulting in a finer o' resembling a dot-shaped
morphology. In contrast, the TM sample (Fig. 5(d-f)) exhibits a homo-
geneous distribution of o' martensite over the  matrix. The relatively
slower cooling rate observed during TM facilitated the growth in the
morphology of the ¢ martensite leading to a plate-shaped morphology.
Additionally, the remelting strategy employed effectively reduced the
porosity volume and enhanced the melting and diffusion of Nb particles.

The cooling rates observed during the SLM process are significantly
influenced by the heat input/energy input employed during the fabri-
cation process. The heat input (in 2D) is calculated as the ratio of laser
power (P) to scan speed (v) in W/mm. Previous studies on remelting
indicated that a heat input below 0.6 W/mm resulted in an increased
cooling rate, whereas a heat input above 0.6 W/mm led to a decreased
cooling rate [54,59,63,64,74]. In the present work, the calculated heat
input was observed to be ~1 W/mm. Consequently, the higher heat
input employed in this study caused a reduction in the cooling rate
during remelting. The larger grains observed in the TM samples are
attributed to the presence of reduced cooling rates in the TM condition.
Specifically, the average grain size increased from 19 + 6 pm for SM to
26 + 7 pm for the TM sample, representing a 20 % increase in grain size
due to a reduced cooling rate. Furthermore, the SEM images (Fig. 5(d-f))
revealed an increase in the size of the o’ martensite in the TM sample.
With remelting, both the length and width of the &’ martensite increased.
The length increased from 0.41 + 0.1 pm to 2.96 + 0.6 pm, and the
width increased from 0.21 + 0.04 pm to 0.31 =+ 0.06 pm, respectively
and the results are plotted in Fig. 6.

The transmission electron microscopy (TEM) images along with their
selected area diffraction (SAED) patterns are shown in Fig. 7. The
microstructure of the SLM Ti-40Nb sample in the bright field (BF) mode
shows the presence of the two-phased microstructure (Fig. 7(a-f)) for
both the SM and TM conditions corroborating with the SEM images. The
morphology of the dark phase present between the two conditions (SM
and TM) differs, where a finer morphology is observed for the SM con-
dition and a coarse/elongated morphology for the TM condition. The
dark field (DF) images of the SM and TM samples are shown in Fig. 7
(b-g), respectively. The SAED patterns are recorded at three different
locations: (a) matrix bright phase — (1) and (4) (b) dark phase (2) and (5)
and (c) interface between the bright and dark phases (3) and (6) (as seen

Fig. 5. Scanning electron microscopy images along with the EDX elemental mapping of the selective laser melted Ti-40Nb samples after (a-d) single melting and
(e-h) triple melting. The porosity and unmelted Nb particles are indicated by yellow arrows, and the grain boundary is highlighted with orange dashed line
respectively. The green outlined images highlight the region of elemental mapping.
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Fig. 6. Plot showing the increased size (both length and width) of the o'
martensite in the Ti-40Nb samples fabricated by selective laser melting in two
different conditions (single and triple melting).

in Fig. 7(b-g) to characterize and analyze the phases present in the
microstructure. The SAED patterns (Fig. 7(c-h)) corresponding to the
dark phase (observed in Fig. 7(b-g)) show a typical pattern for the cubic
crystal structure (here in this case — body-centered cubic structure — bec)
along the zone axis [1 11]. Similarly, the SAED patterns (Fig. 7(d-i)) of
the bright phases observed in Fig. 7(b-g) correspond to the hcp structure
(in the presence case — o microstructure). Even though the o peaks are
not observed in the XRD pattern (Fig. 3), they are present in the SM
sample which can be confirmed using the SEM and TEM images. The
concentration of & may be small (below the deductible limits of the X-
ray), hence they may be difficult to observe from the XRD pattern. The
SAED patterns taken at the interface (Fig. 7(e—j)) from the TEM image
(Fig. 7(b-g)) show the coexistence of both the bce (5) and hep (o) phases.

The high-angle annular dark-field image (HAADF) images along the
energy-dispersive X-ray (EDX) maps are shown in Fig. 8. It may be
evident from the HAADF images that both the SM and TM samples show
a two-phased microstructure corroborating the SEM data. In addition,
the difference in the morphology of the phases observed in the SM and
TM samples also corroborates with the SEM data, where the SM samples
show the presence of fine needle-shaped and the TM samples show
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elongated/coarse needle-shaped phase (Fig. 8(a-d)). The EDX maps
show the elemental distribution of both Ti and Nb, where the needle-like
phase (plate-shaped morphology) is rich in Ti and the matrix consists of
both Ti and Nb. This suggests that the needle-shaped phase corresponds
to the o martensite phase with hcp crystal structure and the matrix
corresponds to the # phase with bcc crystal structure.

To further corroborate the elemental distribution and to quantify the
same, point analysis has been carried out on the TEM image for the TM
sample as shown in Fig. 9. It can be noted from the point scan analysis
(Fig. 9(b)) that the bright phase (denoted as point 1) predominantly
show the presence of Ti (>95 wt%) with some traces of supersaturated
Nb (<5 wt%) — weak intense peaks in the EDX point scan, hence can be
attributed as o martensite with hep crystal structure. On the other hand,
the matrix (denoted as 2) — the dark phase shows the elemental distri-
bution of both Ti and Nb. In this case, the Nb peaks show significant
intensity as compared to the Ti peaks, and the concentration is observed
as ~55 wt% Ti and ~45 wt% Nb.

The BF-TEM images show the presence of line defects (dislocations)
and twins for both SM and TM samples (Fig. 10(a-c, f-h)). The dislo-
cations are continuous and are observed in the form of lines, sometimes
extending between grains/phases. A forest of dislocations is observed
especially at the interface between the phases (3 — bcc and o — hep) while
the twins were seen inside the lamellar o martensite. The presence of
such a high volume of defects like dislocations and twins may be
corroborated by the extreme solidification conditions existing during
the SLM process [75]. In the SM sample, the dislocations are observed in
the bcc f matrix and at the interface (Fig. 10(a—c)). The forest of dislo-
cations piles up at the 8 — bec and @ — hep interface. In addition, the o' —
hcp martensite exhibits the presence of twins running throughout the
needles. On the other hand, in the TM sample, the forest of dislocations
is restricted only at the 8 — bcc and @ — hep interface without any
dislocation significant dislocation network in the matrix f — bcc phase.
However, some dislocations observed at the interface extend in the form
of dislocation lines to their neighboring interface (Fig. 10(f-h)). Similar
to the SM sample, the o — hcp martensite shows the presence of twins,
however, their concentration is significantly reduced (Fig. 10(f-h)).
Although the number of twins and dislocations are not quantified, a
larger volume of twins and dislocations were observed in the SM sample
compared to TM. Due to the annihilation effect caused by the remelting
approach, the twins and the dislocation density drastically reduced with
remelted in the TM samples.

Fig. 10(d,e,i,j) furnishes the inverse fast Fourier transform (IFFT)
images showing the presence of line defects, especially edge
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Fig. 7. Transmission electron microscopy bright field images of the selectively laser melted (SLM) Ti-40Nb samples in the (a,b) single (SM) and (f,g) triple melted
(TM) conditions. Selected area diffraction (SAED) patterns of the SLM Ti-40Nb samples were taken along three different regions in images (b) and (g) for the (c-e) SM
and (h—j) TM samples, respectively. The SAED patterns (c,h) correspond to the body-centered cubic structure (bcc), (d,i) correspond to the hexagonally closed packed
structure (hcp), and (e,j) correspond to the combination of both hcp and bec crystal structures.
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Fig. 8. High-angle annular dark-field image (HAADF) images of the selectively laser melted Ti-40Nb samples in the (a) single melted (SM) and (d) triple melted (TM)
conditions. Energy dispersive X-ray maps of the selectively laser melted Ti—40Nb samples in the (b,c) SM and (e,f) TM conditions.
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Fig. 9. Transmission electron microscopy (a) bright field image of the selectively laser melted Ti-40Nb samples in the triple melted condition (TM) and their
corresponding point analysis take at two different positions: marked as position (b) 1 on the bright phase and (c) 2 on the dark phase.

dislocations. Both types of edge dislocations (positive and negative) are
observed in the SLM-processed TiNb samples. Unlike most of the me-
chanically worked materials, these dislocations originate during the
solidification of the melt. The rapid cooling rates observed during the
SLM process induce significant strain over the solidifying surface
(especially at the solidifying front) leading to both formation and
multiplication of dislocations. The creation of positive edge dislocation
will induce compressive strain in the material and on the other hand, the
negative edge dislocation will induce tensile stress. Two striking dif-
ferences are observed between the SLM-processed SM and TM samples:
(1) It can be observed from Fig. 10(d and e) that almost equal numbers of
positive and negative edge dislocations in the SLM-processed SM sam-
ples. On the other hand, it may be observed from Fig. 10(i) that more
positive edge dislocations than negative edge dislocations are observed
in the SLM processed TM samples. (2) In addition, more concentration of
edge dislocations is observed in the SM sample compared to the TM
sample. The interplanar spacing observed for the SM and TM samples
from Fig. 10(d,e,i,j) is found to be 1.45 Aand 1.63 1?\, respectively. Such
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an increase in the interplanar distance for the TM samples may be
attributed to the increase in strain in the lattices due to the complete
diffusion of Nb to Ti.

3.3. Mechanical properties

Fig. 11(a) presents the Vickers hardness plot as a function of
remelting and Fig. 11(b and c) shows the hardness distribution map of
the Ti-40Nb samples in SM and TM conditions. The average Vickers
hardness of the samples shown in Fig. 11(a) indicates a marginal
reduction in the hardness from 384 + 13 HV to 368 + 7 HV for the SM
and TM conditions, respectively. The decrease in hardness can be
attributed to the grain coarsening effect caused by remelting. Further-
more, the hardness distribution plot of SM in Fig. 11(b) highlights a non-
uniform hardness distribution across the transverse cross-section of the
sample. This non-uniformity may be corroborated with the SEM results
of the SM sample (Fig. 5(a—c)) which displayed a heterogeneous
microstructure, leading to anisotropic hardness characteristics. Wysocki
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Fig. 10. The bright-field transmission electron microscopy images of the selectively laser melted Ti-40Nb samples in the (a-c) single melted (SM) and (f-h) triple
melted (TM) conditions showing the presence of imperfections twins, and dislocations. Inverse Fourier-filtered image of the (d,e) SM and (i,j) TM samples showing

the presence of edge dislocations.
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Fig. 11. (a) Vickers hardness plot of the selective laser melted Ti-40Nb samples observed for single and triple melt conditions. Hardness distribution map of the
selective laser melted Ti-40Nb samples under (b) single and (c) triple melting conditions.

et al. [68] on SLM-processed CP-Ti and Liu et al. [76] on SLM-fabricated
Nb have suggested that Nb possesses a higher average hardness than Ti.
Consequently, regions with higher Nb content exhibited increased
hardness, while regions with lower Nb content exhibited reduced
hardness. In contrast, as corroborated by the SEM images (Fig. 5(d-f)),
the TM sample exhibited a near-homogenous hardness distribution
across the transverse cross-sectional surface suggesting that the multiple

I Yicld Strength

remelting strategy has promoted microstructure and hardness homog-
enization. Despite the decrease in hardness due to remelting, the ob-
tained hardness values observed in the present study (both SM and TM
samples) are higher than the reported hardness values observed for the
SLM-processed Ti-40Nb alloy [40]. The increased hardness observed in
the present study may be attributed to the presence of « martensite in
both the SM and TM samples.
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Fig. 12. (a) Compressive stress-strain curve of selective laser melted Ti-40Nb samples at single and triple melt conditions and (b) their corresponding data.
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The compressive stress-strain curve of SLM-fabricated Ti-40Nb
samples in both SM and TM conditions is depicted in Fig. 12(a). The
corresponding values for elastic modulus (E), yield strength (YS), ulti-
mate compressive strength (UCS), and strain (%) are presented in Fig. 12
(b). The SM sample exhibited an E of 34 + 7 GPa, a YS of 1040 + 15
MPa, and a UCS of 1752 + 40 MPa. In contrast, the TM sample
demonstrated an E of 33 + 3 GPa, a YS of 820 + 35 MPa, and a UCS of
1480 + 50 MPa. It can be observed that remelting had a pronounced
effect on the compressive strength of the TM sample. As illustrated in the
grain size plot (Fig. 5(g)), remelting induced a slower cooling rate,
which in turn promoted grain growth. According to the Hall-Petch
relation, a material with a larger grain size exhibits lower strength:
hence, the TM sample, with its larger grain size, demonstrated reduced
strength compared to the SM sample. Despite the decrease in strength
due to remelting, both SM and TM samples exhibited similar stiffness
behavior. Furthermore, the plasticity of the TM sample improved by ~2
%.

4. Discussion
4.1. Cooling rate influence on microstructure

The phase analysis of the SM and TM samples revealed the presence
of a dual-phase microstructure comprising o and $ phases. The forma-
tion of o was confirmed through microstructural analysis carried out
using SEM and TEM. The morphology of the ¢’ in the SM and TM samples
shows a characteristic martensitic structure, resembling the o
martensite formed during the selective laser melting of near-$ and a+p
Ti-based alloys [53,77-80]. Additionally, the crystal structure of the
martensite as characterized by the TEM evaluation was found to be hcp
affirming the presence of hcp — @ martensite (Fig. 7(d-i)). On comparing
the microstructures of the SM and TM samples, it can be observed that
the hcp — o martensite morphology increased by ~13 % in length and
~6 % in width, while the average grain size increased by about ~43 % in
the TM sample as compared to the SM sample. This significant increase
in the hcp — o martensitic morphology and grain size in the TM sample
can be attributed to the reduced cooling rate associated with the
remelting process, which promotes grain growth and coarsening of the
hep — o martensitic structure.

During the SLM process, the cooling rates observed are directly
influenced by the temperature and size of the melt pool. The peak
temperature (Tp) at the surface (z = 0) of the sample and at a distance Y
from the center of the melt pool can be calculated using the Rosenthal
equation [81]:

Tp=To+ %exp(fg) @
where Ty is the initial temperature in K (298 K), Q is the heat transferred
to the substrate from the laser source in W [82], k is the thermal con-
ductivity of powder in W/m.K (6 W/m.K), and bulk Ti-40Nb alloy (11.5
W/m.K) [83], r is the distance from the heat source to the point
considered in m, given as r = \/x? + y? + 22, v is the scan speed in m/s,
Tp is the melting temperature of Ti-40Nb alloy in K (~2300 K) [84,85],
and a is the thermal diffusivity in m?/s, calculated as follows:

k
a=—- 5
pros )
where p is the density of Ti—40Nb alloy in kg/m® (5570 kg/m®), Cp is the
heat capacity of Ti-40Nb alloy in J/kg.K (525 J/kg.K). In addition, the
cooling rate of the Ti-40Nb samples can be determined using the
following equation [81]:

CR— 2nkvLQTo) ®)
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where CR is the cooling rate, k is the thermal conductivity of the
Ti-40Nb alloy in W/m.K, T is the melt pool temperature in K, T is the
initial temperature of the material in K (298 K), v is the scan speed in m/
s, P is the laser power in W, and Q is heat transferred to the substrate
from the laser source in W.

To accurately determine the melt pool temperature and cooling rates
of the SM and TM samples, it is essential to consider the thermal con-
ductivity of both the powder and bulk Ti-40Nb alloy. During the initial
melting (single melting), heat is primarily transferred through the
powder layer. In contrast, during the remelting process (triple melting),
heat transfer takes place through the powder layer initially during the
first melting, and subsequently the heat transfer occurs through the bulk
sample (during the second and third melting). Therefore, the melt pool
temperature and cooling rate of the SM sample are calculated using the
thermal conductivity of powder (~6 W/m-K), whereas the melt pool
temperature and cooling rate of the TM sample are calculated using the
thermal conductivity of the bulk sample (~11.5 W/m-K). Using equa-
tions (7) and (8), the calculated melt pool temperatures and cooling
rates are summarized in Table 2. The result reveals that the SM sample
exhibited a higher melt pool temperature (~5606 K) compared to the
TM sample (~3067 K). Similarly, the cooling rate for the TM sample
(3.2 x 10° K/s) was found to be lower than that of the SM sample (6.9 x
10° K/s). According to Newton’s law of cooling, the rate of heat transfer
is directionally proportional to the temperature gradient [86,87]. In
accordance, the SM sample, which exhibited a higher temperature
gradient in the melt pool, experienced a faster cooling rate, and the TM
sample with a lower temperature gradient, displayed a slower cooling
rate.

The observed decrease in cooling rate during remelting results from
the combined effects of increased thermal penetration (melt pool depth)
and heat accumulation. Thermal penetration denotes the depth to which
laser-generated heat penetrates the material. It can be calculated as
[53],

S =2+at (%)

where &y, is thermal penetration depth in m, a is thermal diffusivity in
m?/sand tis exposure time in s. The thermal penetration depth of the SM
sample was found to be ~32 pm and that of the TM sample was ~44 pm.
This higher penetration depth in the TM sample results in a deeper melt
pool compared to the SM sample. These factors combined reduce the
temperature gradient across the sample, resulting in a slower cooling
rate.

Fig. 13 illustrates a schematic representation of grain size variations
taking place in the SLM-processed Ti-40Nb SM and TM samples. As the
molten layer solidifies due to heat extraction, nucleation grains take
place in the melt pool. Subsequently, the grains grow with further heat
extraction. In general, the melt pool is surrounded by an inert gas at-
mosphere over the top, a powder layer on one side, and a solid substrate
or preceding layer at the bottom [75]. Thus, heat extraction takes place
through radiation at the top. Along the sides, convection dominates on
one side, and on the other side it may be either convection or radiation
depending on the presence of powder or solid surface. The heat transfer
along the bottom will be via conduction mode [88]. The melt pool in the
SM sample is surrounded by powder, argon atmosphere and preceding
layer. Hence the cooling rate near the top, side and bottom is higher than
the core of the melt pool [75]. Thus, the nucleation of smaller grains will
be higher near the substrate and preceding layer of the sample, while the
core of the melt pool results in coarser grains. During remelting, the melt

Table 2
Peak temperature and cooling rate of SM and TM Ti-40Nb samples.

Sample designation Peak temperature (T},) (K) Cooling rate (K/s)

6.9x10°
3.2x10°

SM 5606
™ 3067
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Fig. 13. Schematics illustrating the formation of grains and its variations in the selective laser melted Ti-40Nb samples after both single and triple melting.

pool in the TM sample is surrounded by preceding layers and argon
atmosphere. In the first melting and solidification of the powder layer,
the heat is extracted through the underlying solid substrate. Therefore,
the solid surface underneath the solidified layer gets heated above room
temperature. When the same layer is subjected to remelting and solid-
ification, the underlying solid surface that is already maintained above
room temperature cannot transfer the heat at the initial rates. This re-
sults in a reduced heat transfer and hence reduced temperature gradient
across the sample promoting grain growth. Consequently, the grains on
the bottom and side of the melt pool in the TM sample are larger than the
SM sample. Furthermore, the deeper melt pool in TM provides addi-
tional space for the growth of coarser grains. Thus, the grain size in the
TM sample is significantly coarser than that of the SM sample. In addi-
tion, since the cooling rate is reduced in the TM sample as compared to
the SM condition, less internal strain will be generated during the so-
lidification process and as a result, the TM samples show a reduced
amount of internal crystal defects like the dislocation and twins.

4.2. Niobium diffusion

In the selective laser melted Ti-40Nb alloy (especially fabricated
from the elemental powder mixtures), incomplete melting and diffusion
of Nb are the major issues that affect the homogeneity of the material.
One of the reasons will be the difference in the melting points of the
elements (Ti and Nb). The difference in the melting points of Ti and Nb is
~800 K making congruent melting difficult during melting. Since rapid
solidification is observed during the SLM process, there is not much time
available for the Nb solute to diffuse with the Ti solvent. Hence, as
shown in Fig. 5(a—c) the SLM-processed SM sample exhibited a non-
homogeneous structure with incomplete Nb diffusion. However, the
remelting approach employed effectively addresses this issue by
achieving homogeneous melting and enhanced Nb diffusion. This
enhancement can be ascribed to the Bernard-Marangoni convection
[89]. The Marangoni convection plays a crucial role in mass transfer
within the melt pool, driven by the temperature gradient that creates
regions of low and high surface tension. The fluid flow transports the
material from one part of the melt pool to the other, where the unmelted
Nb particles are transported within the melt pool. This dynamic process
ensures homogeneity through the continuous circulation of material
within the melt pool.

During single melting, the interaction between the laser beam and
the powder forms a smaller melt pool due to reduced thermal penetra-
tion, resulting from the low thermal conductivity of the powder caused
by the presence of voids [53]. The smaller melt pool limits fluid flow,
leading to non-homogeneity and incomplete melting of Nb particles. The
incomplete melting occurs due to the larger size and higher melting
point of Nb particles, which require more energy for complete melting
and diffusion. The size of the powder particles significantly influences
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the solidification process: smaller particles with a higher surface
area-to-volume ratio and surface energy, melt and diffuse completely
upon solidification, while larger particles, with a lower surface
area-to-volume ratio and surface energy, melt and diffuse partially,
leaving behind incompletely melted Nb particles. In addition, due to
rapid solidification, the time required for the diffusion of Nb into Ti is
insufficient, leading to partial diffusion. During the remelting process,
the increased thermal conductivity of the bulk material enhances heat
absorption into the metal, leading to higher thermal penetration. In
addition, the heat accumulation associated with remelting minimizes
the temperature gradient across the sample promoting the formation of
a deeper melt pool [90]. This deeper melt pool generates a more severe
vortex, enhancing fluid flow within the melt pool. As the size of previ-
ously incompletely melted Nb particles is smaller, their surface area
decreases requiring less energy for complete melting. The remelting thus
provides the necessary energy to facilitate the complete melting and
diffusion of Nb particles, leading to a homogeneous mixture within the
melt pool. In addition, the slower solidification rates allow sufficient
time for the Nb to have a complete diffusion into Ti. Hence, upon so-
lidification, this results in the formation of a homogeneous
microstructure.

Fig. 14 shows the schematic representation of the Marangoni effect
observed in the SM and TM samples, highlighting the differences in melt
pool shape and fluid flow. In both SM and TM samples, the particles flow
in an outward direction from the core of the melt pool, near the surface
(peak temperature and low surface tension), to the edge and bottom of
the melt pool (lower temperature and higher surface tension). When the
powder layer is irradiated, the surface and central region of the melt
pool melt first and flow toward the bottom, while particles from the
bottom flow toward the surface. The smaller melt pool in the SM sample
restricts fluid flow, limiting the ability to achieve homogeneous melting.
In contrast, the deeper melt pool in the TM sample generates a more
intense vortex, allowing the fluid to circulate multiple times within the
melt pool, thereby promoting uniform melting. In the SM sample,
insufficient melting leads to the presence of partially melted Nb particles
in the preceding layer. However, when this preceding layer is remelted
in the TM process, the enhanced Marangoni flow facilitates complete
mixing and homogenization within the solidified layer. The effective-
ness of the remelting was confirmed by the hardness distribution plot of
the SM and TM shown in Fig. 11, where the increased remelting con-
ditions resulted in uniform hardness distribution in the TM sample.

4.3. Mechanical property variation

Furthermore, the remelting strategy has a notable effect on the me-
chanical behaviour of the SM and TM samples. The mechanical prop-
erties of the fabricated sample are governed by a combination of factors,
including pg-phase stability, the presence of residual unmelted Nb
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Fig. 14. Schematic representation of the Marangoni-convection observed in melt pool during the selective laser melting of Ti-40Nb samples both during single and

trip melting.

particles, grain size, alloying - solid solution strengthening, martensitic
transformation, and internal defects such as dislocations. In the SM,
rapid solidification favors the formation of a metastable f-phase matrix,
where Nb dissolution is incomplete, leaving residual Nb particles
embedded in the matrix. Although p-phase exhibits lower strength
compared to o martensite, the overall strength of SM samples is
improved through two primary mechanisms: (i) the formation of o
martensite, which enhances strength due to its hexagonal close-packed
(hep) structure with limited slip systems, and (ii) the presence of re-
sidual Nb particles that act as impenetrable barriers to dislocation glide,
promoting dislocation bowing and entanglement in accordance with the
Orowan strengthening mechanism. These obstacles increase the local
dislocation density and inhibit slip, thereby improving yield strength
despite the softer p matrix. In contrast, the TM condition promotes
complete Nb dissolution and results in a uniform ¢ + f microstructure
without discrete Nb inclusions. While this homogeneous structure is
beneficial for microstructural stability, it presents fewer barriers to
dislocation motion, reducing the potential for dislocation accumulation
and interaction, and hence lowering the overall strength compared to
SM. Additionally, the observed variation in hardness, yield strength, and
ultimate compressive strength of the SM and TM samples can also be
attributed to contributions from grain refinement strengthening and
dislocation strengthening. Grain refinement strengthening refers to an
increase in the strength of the material as the grain size decreases.
Smaller grains result in a higher grain boundary density, which serves as
barriers to dislocation motion [13]. These grain boundaries hinder the
movement of dislocations, necessitating higher energy for dislocations
to propagate through them. This increased resistance to dislocation
motion leads to enhanced material strength. The grain boundary
strengthening can be quantified by the Hall-pitch relationship, which is
provided in equation (8) [91]:

Aoy =k(D) ? ®
where, k is the Hall-Petch constant and D is the grain size in pm. Based
on the grain size observed from the SEM images, the Aoyp for the SM
sample is calculated to be ~114 MPa, which is higher than that of the
TM sample (~96 MPa). The dislocation strengthening effect directly
depends on the dislocation density of the fabricated Ti-40Nb samples
[92]. The TEM analysis reveals a high dislocation density in SM as
compared to TM. As dislocation density increases, the yield strength of
the material also increases, making it more resistant to plastic defor-
mation under applied stress. This increase in yield strength caused by
dislocation can be expressed using equation (9) [93],

Adisiocation = PMGb \/Pd ©
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where f is Taylor constant = 0.5 [94], M is Taylor factor = 3.06, G is the
shear modulus of Ti-Nb alloy = 30 GPa [95], b is burger vector = 0.254
x 10 nm [96], and pq — dislocation density as calculated from the XRD
patterns. The dislocation density observed for the SM and TM samples
are 0.99 x 10'®> m~2 and 0.91 x 10'° m~2, respectively. Hence, the
A6 isiocation Value for the SM is calculated to be ~367 MPa, and for the TM
sample Ao gisiocation iS Observed to be ~348 MPa. The combined effects of
grain refinement and dislocation strengthening contribute to the me-
chanical properties of the TM sample. However, the experimental
strength of the material is observed to be lower than theoretical
strength, which may be attributed to the processing defects and other
experimental factors. Owing to the coarser grain size and reduced den-
sity of internal defects (twins and dislocations), the TM sample exhibits
lower strength compared to the SM sample. However, the TM sample
demonstrates improved plasticity, which can be attributed to the
reduction in internal and external defects resulting from the remelting
process. Despite the decrease in strength caused by the remelting
approach, the presence of a dual microstructure (o + § phase) in the TM
sample significantly enhances the overall mechanical properties of the
TM sample compared to the existing Ti-40Nb alloy [70,97,98]. Table 3
furnishes the comparison of the mechanical properties of existing Ti-Nb
alloy fabricated via SLM with the Ti-40Nb alloy fabricated in the present
work.

The overall schematic representation of the effect of remelting on the
melt pool dimension and microstructure is illustrated in Fig. 15. During
the SM process, the interaction between the laser beam and the powder
layer results in the formation of a smaller melt pool with a higher
temperature gradient. This leads to limited fluid flow within the melt
pool and faster cooling rates are experienced, which in turn produces a
heterogeneous microstructure with finer grains and smaller o
martensite. Additionally, an increase in internal defects such as twins
and dislocation density are observed along with unmelted Nb particles.
On the other hand, in the TM condition, a deeper melt pool with
enhanced fluid flow resulted in a homogeneous microstructure with
coarser grains and larger o martensite. Additionally, a reduction in in-
ternal defects was observed. The current study on selective laser melting
(SLM) of Ti-40Nb alloy demonstrates that the remelting strategy can be
effectively applied in the SLM fabrication of elemental powders with in-
situ alloying. This approach successfully reduces internal defects,
including porosity, twins, and dislocations, thereby enhancing the
density of the TM samples. It also addresses the incomplete diffusion of
Nb, resulting in a homogenized microstructure. Although the remelted
sample exhibits reduced strength, it maintains a combination of low
modulus and high strength, which is desirable for orthopedic implants.
Hence, using the remelting approach, powders with significant
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Table 3

The table furnishes the mechanical properties of Ti-Nb alloy fabricated via SLM
using pre-alloyed and elemental powder, where Comp. corresponds to the
composition, H — hardness, EM - elastic modulus, CYS - compressive yield
strength, UCS — ultimate yield strength, Ref. — reference, TWSM - this work and
single melting, and TWTM - this work and triple melting condition.

Comp. Method  Powder H, EM, CYS, ucs, Ref.

(Wt.%) condition HV GPa MPa MPa

Ti-45Nb SLM Pre- 257 50 380 723 [99]
alloyed

Ti-42Nb SLM Pre- - 65 701 800 [100]
alloyed

Ti-35Nb SLM Pre- 174 72 - - [101]
alloyed

Ti-41Nb SLM Pre- - 504 1100 [102]
alloyed

Ti-45Nb SLM Pre- 155 - - - [103]
alloyed

Ti-35Nb SLM Elemental 274 - - - [104]

Ti-41Nb SLM Elemental 268 77 - - [105]

Ti-45Nb SLM Elemental 356 - - - [106]

Ti-25Nb SLM Elemental 264 - - - [107]

Ti-40Nb SLM Elemental 278 - - - [108]

Ti-30Nb SLM Elemental - 82 650 - [109]

Ti-30Nb SLM Elemental 318 - 894 1650 [110]

Ti-45Nb SLM Elemental - 83 - - [111]

Ti-35Nb SLM Elemental 240 84 660 - [112]

Ti40Nb SLM Elemental 384 34 1040 1752 TWSM

Ti4ONb SLM Elemental 368 33 820 1480 TWTM

disparities in melting temperature can be printed in the desired com-
bination. Processing in-situ alloyed powder using a remelting strategy
can serve as a promising alternative to costly pre-alloyed powder.
However, further research on comparing the properties of remelted
Ti-40Nb samples with other fabrication techniques is essential to gain a
deeper understanding of the material’s properties and behavior.

Journal of Materials Research and Technology 38 (2025) 4305-4320

5. Conclusion

The present study demonstrates the fabrication of Ti-40Nb alloy by
selective laser melting via in-situ alloying of elemental powders using a
laser remelting strategy, aiming for orthopedic applications. The effects
of remelting on material homogenization, defect reduction (including
porosity, twins, and dislocations), Nb diffusion, microstructural evolu-
tion, and mechanical properties were investigated. The key findings are
as follows.

(1) The phase composition of both the Ti-40Nb samples processed
under single and triple melting conditions reveal the presence of
hep — o martensite and bcc — f# phases.

(2) The heat input significantly affected the cooling rate of the
remelted sample. Remelting with a laser power of 650 W and a
scan speed of 650 mm/s resulted in a larger and deeper melt pool,
reducing the cooling rate and allowing sufficient time for Nb
diffusion.

(3) Triple melting increased the length and width of lamellar hcp — o
martensite and grain size due to the decreased cooling rate.
Importantly, triple melting also reduced internal defects such as
porosity, dislocation density, and twins.

(4) While remelting led to homogenization and a uniform hardness
distribution across the triple-melted sample, grain growth due to
the reduced cooling rate caused a decrease in hardness and ulti-
mate strength compared to the single-melted sample. However,
the combination of high strength and low modulus was main-
tained in the triple melt sample fulfilling the criteria for ortho-
pedic application. In addition, the reduction of internal defects
and enhanced homogeneity are advantageous for the long-term
stability and performance of the implant.

The obtained results suggest that the remelting strategy allows for
the fabrication of high-quality Ti-40Nb orthopedic implants directly
from elemental powders replacing costly pre-alloyed powders. Addi-
tionally, the flexibility in controlling material properties through
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remelting opens new possibilities for developing novel Ti-40Nb ortho-
pedic implants tailored to specific patient needs.
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This study reports the successful development of bioactive coatings on in-situ alloyed Ti-40Nb substrates
fabricated via selective laser melting (SLM) using plasma electrolytic oxidation (PEO). Two electrolytes were
employed for PEO processing: phosphate-silicate (PS) and phosphate-silicate-hydroxyapatite (PSHA). A
comparative evaluation was performed to investigate the influence of electrolyte composition on surface
morphology, corrosion resistance, and biological performance. The incorporation of hydroxyapatite (HAp) in the
PSHA electrolyte significantly modified the coating structure, resulting in reduced porosity, increased surface
roughness, and enhanced wettability. X-ray diffraction analysis confirmed the formation of TiO- (anatase and
rutile) and Nbz2Os phases, with a higher rutile fraction observed in the HAp-incorporated coatings due to
intensified plasma discharges. Electrochemical testing in simulated body fluid (SBF) demonstrated improved
corrosion resistance for the HAp-containing samples, as evidenced by lower corrosion current density and
passivation current values. In vitro assays with MC3T3 pre-osteoblast cells further revealed superior cell viability
and proliferation on the HAp-incorporated coatings, attributed to the synergistic effects of roughened topography
and the sustained release of bioactive ions. Overall, the PEO-modified Ti4ONb samples exhibited enhanced
corrosion protection and cytocompatibility, underscoring their strong potential as next-generation Ti-based or-
thopedic implant materials.

1. Introduction alloys fabricated via laser powder bed fusion (LPBF), also known as

selective laser melting (SLM), have attracted considerable interest in

Titanium (Ti) and its alloys are extensively utilized in biomedical
applications, owing to their unique combination of high specific
strength, exceptional corrosion resistance, and outstanding biocompat-
ibility [1-6]. Among contemporary manufacturing techniques, laser
powder bed fusion (LPBF) enables the fabrication of Ti-based alloys with
complex, patient-specific geometries, facilitating improved structur-
e-property relationships and seamless functional integration [7-10]. Ti

clinical applications ranging from dental implants and orthopedic
prostheses to cardiovascular devices, highlighting their adaptability and
efficacy across diverse biomedical environments [11]. Despite these
advantages, conventional o+p-Ti alloys -most notably Ti-6Al-4 V
—exhibit significant limitations, primarily due to biocompatibility con-
cerns associated with the incorporation of aluminum (Al) and vanadium
(V) [12]. Al has been implicated in neurological disorders, including
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Alzheimer’s disease, while vanadium V has exhibited cytotoxic and
mutagenic properties, contributing to hematological and biochemical
disturbances [13]. Additionally, these conventional alloys exhibit a
relatively high elastic modulus (~110 GPa), exceeding that of human
cortical bone (10-30 GPa). This mismatch induces a stress-shielding
effect, which can compromise load transfer and ultimately lead to
implant loosening and long-term failure [14-16].

To address the limitations of a+p-Ti alloys, research has increasingly
focused on developing novel -Ti alloys. These compositions incorporate
non-toxic B-stabilizing elements such as niobium (Nb), tantalum (Ta),
zirconium (Zr), and molybdenum (Mo), which markedly mitigate the
adverse biological effects linked to conventional alloying constituents
[17-19]. Among these, Ti-40Nb has emerged as a highly promising
candidate, distinguished by its reduced elastic modulus (~60-65 GPa),
excellent biocompatibility, and superior corrosion resistance [20]. Nb
plays a critical role in stabilizing the p-phase, effectively lowering the
elastic modulus and enhancing biocompatibility with native bone tissue
[21]. Studies indicate that increasing Nb content enhances both corro-
sion resistance and biological performance, reinforcing the suitability of
Ti-40ND as an alloy for orthopedic applications [22].

Although Ti-40Nb exhibits favorable mechanical and biological
properties, its intrinsic bioinertness limits direct interaction with sur-
rounding tissues, presenting challenges for sustained clinical integration
and long-term performance [23]. This inherent bioinertness necessitates
the implementation of surface modification strategies to enhance
bioactivity and further augment corrosion resistance [24,25]. A wide
range of surface modification techniques, such as anodization, sol-gel
processing, dip coating, chemical vapor deposition (CVD), physical
vapor deposition (PVD), and thermal spraying, have been extensively
investigated [26]. Among these techniques, conventional anodization
has been widely utilized to form protective oxide layers on Ti-based
alloys [27]. However, this technique is often constrained by slow
coating growth rates and yields relatively thin oxide layers, limiting
long-term functionality and durability [28]. While CVD offers uniform
coating distribution, its application is constrained by prolonged pro-
cessing times and the formation of relatively thin films [26]. PVD
techniques necessitate costly equipment and pose scalability challenges
for large-scale applications. In contrast, thermal spray methods are often
incompatible with substrates of complex geometry and may lead to
non-uniform coating coverage [29]. Sol-gel and dip-coating techniques
often suffer from poor adhesion and typically necessitate
post-deposition heat treatments to attain adequate performance [30].

These cumulative limitations underscore the need for more versatile
and efficient surface modification technologies suited to complex
biomedical and engineering applications. In this context, plasma elec-
trolytic oxidation (PEO) has gained prominence for its capacity to pro-
duce thick, dense, and strongly adherent oxide coatings on metallic
substrates [31-33]. The plasma electrolytic oxidation (PEO) process
produces a ceramic-like oxide layer that incorporates elements from
both the substrate and the electrolyte. These coatings significantly
enhance corrosion resistance and bioactivity by modifying surface
chemistry and topography, thereby promoting favorable cellular re-
sponses and rendering PEO-treated surfaces well-suited for biomedical
applications [34,35]. In addition, recent studies on PEO have reported
that the usage of ultrasonic vibration during coating formation can
improve the stability of nanoparticle-containing electrolyte by reducing
agglomeration, enhancing dispersion, and maintaining a more stable
suspension throughout the process [36-39].

The morphology of PEO coatings is strongly governed by electrolyte
chemistry, phase composition, and the microstructural attributes of the
underlying substrate [25]. Phosphate-based electrolytes have demon-
strated excellent corrosion resistance on Ti substrates, while
silicate-based electrolytes have proven highly effective for niobium Nb
surfaces [40]. Until recently, the optimal electrolyte formulation for
Ti-40NDb substrates, particularly with respect to phosphate and silicate
compositions, remained relatively unexplored. Lokeshkumar et al.

Applied Surface Science Advances 31 (2026) 100917

demonstrated that a balanced 50:50 phosphate-to-silicate electrolyte
yields coatings with exceptional compactness, enhanced corrosion
resistance, and increased thickness [23]. Moreover, the incorporation of
bioactive elements such as hydroxyapatite (HAp) into electrolyte sys-
tems markedly improves biological integration and osteoconductivity,
both of which are essential for successful bone-implant interfacing
[41-44].

Beyond investigations focused on electrolyte composition, PEO
coatings on Ti-Nb alloys fabricated via conventional processing routes
have been extensively studied [45]. Ti-based alloys produced through
conventional routes such as casting, forging, or sintering typically
develop equilibrium a, B, or a+p microstructures with relatively coarse
grains and low defect density [46,47]. In contrast, SLM introduces
extremely rapid solidification and repeated thermal cycling, giving rise
to a refined and highly nonequilibrium microstructure that is notably
different from traditionally processed Ti-Nb alloy [48-50]. It is impor-
tant to recognize that the microstructure of samples produced via SLM
often results in pronounced variations in coating morphology [51,52].
SLM Ti-Nb samples often contain metastable « martensite, retained p
regions, high dislocation densities, and fine cellular or dendritic sub-
structures [53,54]. These features create heterogeneity in electrical
conductivity, which can significantly influence plasma initiation,
discharge behaviour, and oxide growth during PEO [55]. Pezzato et al.
[56] compared the coating morphology on TC4 samples fabricated by
conventional casting and SLM, revealing that SLM-derived coatings
exhibited smoother surfaces with fewer and smaller pores, while cast
samples showed higher porosity accompanied by visible cracking. Thus,
the coating evolution on SLM substrates cannot be directly inferred from
studies on conventionally processed Ti alloys, highlighting the need to
evaluate the PEO-coating behavior on SLM fabricated Ti-Nb samples.

Wu et al. [55] investigated the influence of SLM-induced metastable
microstructures in TC4 alloys on coating characteristics. Their findings
revealed that SLM-fabricated samples exhibited lower porosity and
greater coating thickness compared to commercially produced coun-
terparts. Haibo et al. [57] investigated the influence of the microstruc-
ture of Ti6Al4V substrates fabricated via selective laser melting (SLM)
on PEO coating behavior. The SLM-processed substrate exhibited a
dense microstructure comprising fine acicular martensitic «’ phase and
coarser o grains, interspersed with structural defects such as disloca-
tions, twins, and grain boundaries [58-60]. These features facilitated
multiple pathways for electron and anion transport, thereby reducing
the breakdown voltage of the anodic oxide film. This reduction accel-
erated the voltage ramp rate during the PEO process, enhancing
microarc initiation and resulting in a significantly thicker oxide layer
compared to that formed on the forged counterpart [57].

While PEO coatings on Ti-40Nb alloys fabricated via conventional
sintering methods have been previously reported [33,45], studies
addressing coatings on Ti-40Nb substrates produced by selective laser
melting remain limited. The rapid solidification inherent to SLM results
in a metastable o’+f microstructure with a high density of crystallo-
graphic defects, conditions that can markedly influence plasma
discharge behaviour and oxide growth compared with traditionally
processed Ti-Nb alloys. The present study offers new insights in three
major areas. First, it evaluates the response of an in-situ alloyed SLM
Ti-40NDb substrate to PEO processing, providing insight on microstruc-
ture effect on the initiation and evolution of micro-arc discharges. Sec-
ond, it compares the detailed evaluation of the electrochemical behavior
of the oxide layers in two electrolyte systems, phosphate-silicate and a
HAp-modified phosphate-silicate. Third, the work establishes direct
correlations between the substrate’s microstructural characteristics and
key coating features, including discharge intensity, oxide phase consti-
tution, porosity development, corrosion behaviour, and cellular
response. Thus, this work aims to provide comprehensive insights into
the efficacy of these surface modifications in enhancing the durability
and biocompatibility of SLM-fabricated Ti-4ONb alloys, thereby
contributing to the development of next-generation biomedical implant
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technologies.

2. Experimental methods and materials
2.1. Sample preparation

The Ti-40NDb alloy sample, comprising 60 wt. % Ti and 40 wt. % Nb,
was fabricated via selective laser melting (SLM) using in-situ alloyed
elemental powders (SLM 2802.0, SLM Solutions, Germany). Cylindrical
specimens with dimensions of 15 mm in diameter and 2 mm in height
were produced using optimized process parameters: laser power of 650
W, scanning speed of 650 mm/s, hatch spacing of 35 ym, and layer
thickness of 30 pm. Following fabrication, the samples were separated
from the Ti substrate using wire electrical discharge machining (EDM).
The surfaces were then polished to a #1200 grit finish and subjected to
ultrasonic cleaning in ethanol to ensure surface cleanliness before the
PEO coating process.

2.2. PEO coating

The PEO coatings were synthesized using a direct current (DC) power
supply within an aqueous electrolytic system. During the process, the Ti-
40NDb sample served as the anode, while a stainless-steel bowl containing
the sample and electrolyte functioned as the cathode. The PEO treat-
ment was conducted under the following operational parameters: duty
cycle of 90 %, current density of 200 mA/cm?, frequency of 1000 Hz,
and a processing duration of 6 min. Two distinct electrolyte systems
were  employed:  phosphate-silicate =~ (PS) and  phospha-
te-silicate-hydroxyapatite (PSHA). The PS electrolyte comprised a
50:50 mixture of sodium metasilicate and trisodium orthophosphate,
with a total concentration of 5 g dissolved in 1 L of distilled water. The
PSHA electrolyte was prepared by incorporating 5 g of hydroxyapatite
(HAp) powder into the PS mixture, also dissolved in 1 L of distilled
water. The HAp nanoparticles were synthesized through the microwave-
assisted synthesis method as reported in our earlier work [23,61]. The
resulting HAp nanoparticles measured approximately 15-20 nm in
width and 60-80 nm in length. To stabilize the nanoparticle suspension
and impart surface charge, 10 mL of triethanolamine and 5 mL of
ethylene glycol were added. The solution was magnetically stirred to
ensure homogeneous dispersion of nanoparticles throughout the elec-
trolyte. Following the PEO process, the coated samples were thoroughly
rinsed with deionized water and air-dried before characterization. The
samples were designated as S1 (uncoated Ti-40Nb alloy), S2 (PS-coa-
ted), and S3 (PSHA-coated).

2.3. Materials characterization and mechanical testing

Phase analysis of the S1, S2, and S3 samples was conducted using an
X-ray diffractometer (Bruker-AXS) equipped with a Cu-Ka radiation
source (A = 1.54 A). Diffraction peaks were recorded over a 20 range of
30°-90° with a step size of 0.02° Surface morphology, elemental
composition, and coating thickness were characterized using an optical
microscope (Motic Panthera, China) and a scanning electron microscope
(SEM) (Zeiss Ultra 55, Germany). The pore size and porosity percentage
are quantified using ImageJ software. Surface roughness measurements
were performed using an atomic force microscope (Nanosurf,
Switzerland) with a scanning area of 60 ym x 60 um. Wettability was
assessed using a goniometer (Kyowa Interface Science, Japan) by
measuring the contact angle between the sample surface and a droplet of
deionized water. The corresponding surface energy (Es) was calculated
using Eq. (1),

Eg = E, cosf @

where the E,; denotes the surface energy of distilled water (72.8 mJ/m?)
[62], and € represents the contact angle. Wettability measurements were
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averaged over five readings, each using a 3 pL droplet of deionized
water. Coating adhesion strength was assessed using a CSM Revetest
system (Switzerland) equipped with a Rockwell C indenter (tip radius:
200 pm; cone angle: 120°). A progressive load ranging from 0 to 20 N
was applied over a scratch length of 5 mm at a loading rate of 19.5
N/min. Microhardness measurements were performed using a Buehler
Micromet tester (Japan) under a load of 10 gf with a dwell time of 10 's.
The reported values represent the average of ten measurements, with
standard deviation included as error bars.

2.4. Corrosion study

Corrosion resistance of the samples was evaluated using a three-
electrode cell system connected to a potentiostat (ACM Gillac, UK).
Simulated body fluid (SBF) with a pH of 7, prepared according to
Kokubo’s protocol [63], served as the electrolyte. The Ti-40Nb sample
functioned as the working electrode, a thin platinum (Pt) foil as the
counter electrode, and a saturated calomel electrode (SCE) as the
reference. Potentiodynamic polarization (PDP) analysis was performed
over a 1 cm? sample surface area at a scan rate of 10 mV/s, spanning a
potential range from -0.5 V to +3 V. The electrochemical impedance
spectroscopy (EIS) was carried out at OCP with +£10 mV amplitude in
the frequency range of 10~2Hz to 10°Hz in SBF with a pH of 7 at 37 °C.
To ensure reliability and reproducibility, each test was conducted in
triplicate. The chemistry of the passive/oxide layer before and after PDP
studies for the S2 and S3 samples were evaluated using the X-ray
photoelectron spectroscopy (XPS) ULVAC-PHI.

2.5. Cell-studies

2.5.1. Cell culture

Cell culture was performed using MC3T3 pre-osteoblast cells. The
growth medium comprised a-MEM supplemented with 10 % fetal bovine
serum (FBS; Gibco-26,140,079, US) and 1 % penicillin-streptomycin
(Gibco-15,140,122, US). Cultures were maintained at 37 °C in a hu-
midified atmosphere containing 5 % CO2. Subculturing was carried out
upon reaching ~85 % confluence using 0.25 % trypsin—-EDTA (Gibco-
25,200,056, US) for cell detachment. All experiments utilized cells be-
tween passages 2 and 6 to preserve their phenotypic characteristics and
differentiation potential.

2.5.2. Cell viability evaluation

Polished metal discs (15 mm diameter x 2 mm height) served as
substrates for cell culture. MC3T3 cells were seeded onto the sample
surfaces and cultured for 24 h and 72 h to assess cytocompatibility. Each
test was performed in triplicate and repeated three times to ensure
statistical robustness. Prior to cell seeding, all samples were sequentially
cleaned with acetone and ethanol, followed by sterilization via thermal
autoclaving. Biological performance of coated samples was compared
against uncoated controls. Cytocompatibility was evaluated using the
Alamar Blue assay (Invitrogen, DAL1025), which quantifies the meta-
bolic reduction of resazurin to fluorescent resorufin. Experiments were
conducted in 24-well plates with a seeding density of 10,000 cells per
well. At the end of each incubation period (24 h and 72 h), 10 % Alamar
Blue reagent was added to each well and incubated for 4 h at 37 °C.
Subsequently, 150 uL of medium was collected from each well, and
absorbance was measured at 570 nm and 600 nm to determine cell
viability.

2.5.3. Fluorescent imaging

Immunofluorescence staining was performed on day 3 to visualize
cellular architecture. Following removal of the culture medium, samples
were rinsed three times with phosphate-buffered saline (PBS). Cells were
fixed with 3.7 % formaldehyde (Sigma-Aldrich) for 15 min and subse-
quently permeabilized using 1 % Triton X-100 for 3 min. Actin filaments
were stained with Rhodamine Phalloidin (1:200 in PBS; Cytoskeleton,
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PHDR1), and nuclei were counterstained with DAPI (Life Technologies)
during the final 5 min of incubation. After staining, samples were rinsed
with PBS and imaged at 10X magnification using laser scanning mi-
croscope (Olympus FLUOVIEW FV3000, Japan). All reagents were
prepared and used in accordance with the manufacturers’ protocols.

3. Results and discussion
3.1. PEO process

Plasma Electrolytic Oxidation (PEO) is an advanced surface modifi-
cation technique that involves the electrochemical oxidation of a
metallic substrate to produce a dense, adherent oxide coating enriched
with elements from the electrolyte [25,64]. The voltage-time profile
corresponding to different electrolyte systems is depicted in Fig. 1, with
associated values summarized in Table 1. The profile reveals three
distinct stages of the PEO process. Stage I corresponds to the initial
anodization phase, characterized by a rapid voltage increase over time.
During this stage, a passive oxide layer forms on the substrate surface
and progressively thickens, while the influence of the electrolyte re-
mains minimal. Stage II marks the dynamic PEO/spark discharge phase,
during which the voltage continues to rise, indicating the onset of
sparking phenomena. Upon reaching the breakdown potential, the
passive layer ruptures, initiating plasma discharges that propagate
randomly across the surface [65]. These discharges, visible as minute
white sparks, induce localized melting of the substrate. The molten re-
gions rapidly solidify upon quenching by the surrounding electrolyte,
promoting the formation and densification of the oxide layer [66].

The breakdown potential is governed by both the composition and
thermal conductivity of the electrolyte. The correlation between
breakdown potential (V},) and electrolyte thermal conductivity (k) is
described by Eq. (2) [35],

1
Vy = ap + bg log % 2

where ag and bg are constants. The equation illustrates an inverse
relationship between breakdown potential and electrolyte con-
ductivity—specifically, the breakdown potential increases as the con-
ductivity of the electrolyte decreases. This trend is reflected in the
voltage-time profile of the S3 sample, which exhibits a slightly higher
breakdown potential than the S2 sample, attributed to the reduced
conductivity of the HAp-containing electrolyte (15.2 mS/cm). Similar
behavior has been reported in Ti alloys; for instance, Hanane et al. [67]
demonstrated that the incorporation of HAp nanoparticles into the
electrolyte lowered its electrical conductivity during PEO of Ti-6Al-4 V.
This reduction in conductivity elevated the breakdown potential and
intensified plasma discharge activity across the sample surface.
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Fig. 1. The voltage-time evolution recorded during the plasma electrolytic
oxidation of S2 and S3 samples was monitored over a 360 s processing duration.
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Table 1
Table presenting the breakdown, peak voltages and thermal conductivity
recorded for samples S2 and S3 during the plasma electrolytic oxidation process.

Sample  Breakdown voltage Peak voltage Thermal conductivity (k)
V), V (Vp), V (mS/cm)

S2 317 448 16.3

S3 324 455 15.2

Consistent with these findings, the present study confirms that the
addition of HAp to the electrolyte decreases its conductivity, thereby
increasing the breakdown potential observed in the S3 sample.

Stage III of the PEO process, commonly referred to as the critical
voltage or micro-arc stage, is marked by the voltage approaching a near-
steady state as the coating continues to develop. During this phase, the
increasing thickness and density of the oxide layer elevate its electrical
resistance, which in turn contributes to a further rise in voltage [26].
Analysis of the voltage-time profiles reveals that the final voltage
attained by the S3 sample exceeds that of the S2 sample. This difference
is attributed to the successful incorporation of hydroxyapatite (HAp)
into the oxide layer, which increases the coating’s resistance and in-
tensifies the arcing phenomena [68]. The enhanced micro-arc activity
promotes deeper oxidation of the underlying metal substrate, potentially
influencing the surface morphology and structural characteristics of the
S3 coating.

3.2. Phase analysis

Fig. 2 presents the XRD patterns of the SLM-fabricated Ti-40Nb
substrate (S1) and the PEO-coated samples (S2 and S3). The diffraction
peak at 20 ~38.4° observed for S1 indicates the presence of the p phase,
while peaks at 20 ~34.6° and ~39.7° correspond to the o/« martensitic
phase. Given that both o and « phases share a hexagonal close-packed
(hcp) crystal structure, they are difficult to distinguish via XRD; how-
ever, based on complementary microstructural analysis, the phase is
characterized here as o martensite. These findings align with the typical
a+p phase composition reported for Ti-based alloys in the literature [30,
69]. The formation of metastable o'+ phases is attributed to the rapid
cooling and non-equilibrium solidification inherent to the SLM process
[70-72]. These metastable regions, enriched with defects such as high
dislocation density, represent energetically favorable sites for discharge
channel formation and micro-arc activity during PEO [57]. In addition
to the substrate-related o and p peaks, the XRD patterns of S2 and S3
confirm the presence of oxide phases formed during PEO. The localized
thermal effects induced by repeated plasma discharges promote the
crystallization of TiOz and NbzOs within the coating layer [53]. Among
the TiOz polymorphs, anatase and rutile phases were predominantly
observed. Both S2 and S3 samples exhibited Nb2Os along with anatase

©-a/a'Ti ©-f-TiNb @-Anatase O-Rutile ®-Nb,0;
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Fig. 2. X-ray diffraction (XRD) patterns of the selective laser melted Ti4ONb S1
sample, and plasma electrolytic oxidation-treated S2 and S3 samples.
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and rutile TiO: phases, in addition to the underlying o/'+f substrate
peaks, consistent with previous reports [23,73]. Notably, no distinct
diffraction peaks corresponding to hydroxyapatite (HAp) nanoparticles
were detected in the S3 sample, likely due to the HAp concentration
being below the detection threshold of XRD.

Comparative phase analysis indicates that the rutile phase is more
prominent in the S3 sample than in S2. During TiO: layer formation,
anatase typically forms first due to its lower surface free energy relative
to rutile. However, anatase is thermodynamically metastable, possessing
higher Gibbs free energy than rutile [74]. The anatase-to-rutile trans-
formation is strongly temperature-dependent, generally occurring
within the range of 400 °C to 1200 °C [75]. Consequently, this phase
transition is influenced by thermal variations induced by discharge
behavior during the PEO process. Based on the voltage-time profiles, the
higher voltage observed in the S3 sample relative to S2 facilitated a more
pronounced anatase-to-rutile transformation. This resulted in a pro-
gressive increase in rutile phase content in the S3 coating.

3.3. Surface morphology

Fig. 3(a-1) presents optical and SEM images illustrating the micro-
structure of the S1 sample and the coating morphologies of the S2 and S3
samples. The optical and SEM micrographs of the S1 sample (Fig. 3(a-c))
reveal a characteristic lath-shaped morphology indicative of the o
martensitic phase, confirming the coexistence of o and p phases in the
SLM-fabricated Ti-40Nb alloy. These observations are consistent with
previously reported phase compositions for Ti-40Nb alloys [76]. The
formation of metastable o'+p phases arises from the rapid cooling and
non-equilibrium solidification inherent to the SLM process [77-79].
These metastable regions, enriched with structural defects such as high
dislocation density, represent energetically favorable sites for discharge
channel initiation and micro-arc activity during PEO treatment [62].
The S2 sample (Fig. 3(d-F)) exhibits a homogeneous distribution of
irregularly shaped micro- and nanopores, whereas the S3 sample (Fig. 3
(g-1)) displays uniformly distributed circular or elliptical micro- and
nanopores. The incorporation of hydroxyapatite (HAp) nanoparticles
into the electrolyte contributes to pore filling and surface modification,
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resulting in the formation of interconnected porosity. Such porous ar-
chitectures are characteristic of coatings produced via plasma electro-
lytic oxidation [25].

Intense arcing within discharge channels during the PEO process
elevates localized temperatures, facilitating the melting and subsequent
oxidation of the metal substrate [80]. The ejection of molten oxides and
gas bubbles through these channels contributes to pore formation within
the coating structure. As a result, the surface morphology of the coated
samples exhibits a porous oxide layer with variations in pore size, shape,
and distribution—features governed by discharge dynamics influenced
by the applied voltage [65]. Haibo et al. [57] reported that higher pro-
cess voltages during PEO promote the incorporation of greater amounts
of molten oxide into the coating, which partially fills and covers
discharge pores, thereby reducing overall porosity. Consistent with this
observation, the S3 sample—processed at higher voltages—exhibited
lower porosity compared to the S2 sample. High-magnification SEM
images of S3 further revealed the presence of volcanic-like features
within the coating morphology. Arun et al. [81] attributed such features
to elevated voltage conditions during PEO, where intense plasma dis-
charges generate localized regions of high temperature and pressure.
These extreme conditions enhance the ejection of molten material
through discharge channels, which subsequently solidifies to form
crater-like structures with smooth rims, closely resembling volcanic
morphology [81].

Quantitative analysis of pore size and porosity was performed using
ImageJ software. The S2 sample exhibited an average pore size of 3.04 +
1.4 pm, while the S3 sample showed a reduced average pore size of 2.32
+ 0.9 um. Correspondingly, the porosity percentage was measured at 26
+ 3 % for S2 and 16 + 4 % for S3. Ni et al. [41] demonstrated that
increased electrolyte concentration leads to a reduction in pore size
within PEO coatings. Arun et al. [81] further reported that the incor-
poration of hydroxyapatite (HAp) nanoparticles into the electrolyte
promotes the formation of a smooth oxide layer uniformly decorated
with HAp, contributing to partial pore filling and the development of
interconnected porosity, thereby significantly lowering overall porosity.
Additionally, Wang et al. [53] observed that elevated process voltages
increase the volume of molten oxide, which can infiltrate and seal

Fig. 3. Optical and scanning electron microscopy images illustrating the surface morphology of (a—c) uncoated Ti-40Nb (S1), (d—f) plasma electrolytic oxidation-
coated S2, and (g-i) S3 samples. Orange arrows indicate the presence of lath-shaped o martensite within the p-TiNb matrix, while red dotted rings highlight
volcanic-like features characteristic of the coating morphology observed in the S3 sample.
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discharge pores, further reducing porosity. In alignment with these
findings, the S3 sample—processed with higher voltage and
HAp-enriched electrolyte—exhibited interconnected pores and a
notably lower porosity compared to the S2 sample.

Fig. 4(a-c7) presents the elemental maps and spectra of the Ti-40Nb
substrate (S1) and the PEO-coated samples (S2 and S3). The uncoated S1
sample displays elemental signals corresponding to the base alloy con-
stituents, Ti and Nb. In contrast, the oxide layers formed on S2 and S3
incorporate elements from both the substrate and the electrolyte [20].
Specifically, S2 exhibits the presence of Ti, Nb, O, P, and Si, while S3
additionally contains Ca, indicating successful incorporation of calcium
and phosphate species from the HAp-enriched electrolyte. In both
coated samples, oxygen corresponds to the formation of TiOz and NbzOs,
whereas P, Si, and Ca originate from the electrolyte, confirming their
integration into the oxide matrix. Consistent with the voltage-time
profiles, the more intense oxidation observed in the S3 sample led to a
notable increase in oxygen content, along with enhanced incorporation
of phosphate, silicate, and calcium species. The elevated phosphate
content in S3 is particularly attributed to the dual contribution from
phosphate ions in the electrolyte and HAp nanoparticles, resulting in a
higher phosphate wt. % within the coating.

Fig. 5(a-d) presents the cross-sectional SEM images of the PEO-
coated S2 and S3 samples. The coating morphology reveals a charac-
teristic dual-layer structure comprising an inner dense layer and an
outer porous layer. Quantitative analysis of the cross-sectional images
using ImageJ software determined the coating thicknesses to be 6.9 & 1
pm for S2 and 8 + 1.5 pm for S3. The increased thickness observed in S3
is attributed to the higher process voltage applied during PEO. The
relationship between coating thickness (t) and applied voltage is
described by Eq. (3) [82]

t=A expk(V, — V) 3)

where V,, and Vydenote the process and breakdown voltages, respec-
tively, and A and K are constants, the equation suggests that coating
thickness is directly proportional to the applied voltage V. Accordingly,
higher voltages yield thicker coatings. For instance, the S3 sample (Fig. 5
(c,d)), processed at a higher voltage, exhibits a thicker coating than the
S2 sample (Fig. 5(a,b)) sample. Furthermore, the incorporation of hy-
droxyapatite (HAp) nanoparticles into the electrolyte elevates the ionic
concentration, thereby facilitating the formation of a thicker and
smoother oxide layer [80]. Nur et al. [83] demonstrated that increased
ionic concentration enhances coating thickness and contributes to
improved mechanical properties. In alignment with these findings, the

(a3)

Ti-57.8 wt.% Nb-41.9 wt.% 0-0.01 wt.%

Ti-33.3 wt.% Nb-18.4 wt.% O-41.3 wt.% . P-3.7wt.%

(eh) = 2 (3)

100 pm

P-0 wt.%
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S3 sample exhibited a thicker coating with finer pore structures
compared to the S2 counterpart.

3.3. Surface roughness and wettability

Fig. 6(a-c) presents atomic force microscopy (AFM) images illus-
trating the surface-roughness of the S1, S2, and S3 samples, respectively.
Quantitative values are summarized in Table 2. Surface roughness was
evaluated by comparing the surface conditions before and after the PEO
treatment. Key factors influencing the oxide layer’s roughness include
pore density, pore size and shape, and the presence of volcanic-like
features [65]. During the PEO process, micro-arc discharges and gas
evolution contribute to the development of a porous coating structure,
typified by hills and valleys, which significantly increases surface
roughness. The average surface roughness (R,) values for the S1, S2, and
S3 samples were 0.21 £ 0.01 pm, 0.47 + 0.08 pm, and 0.71 + 0.08 pm,
respectively indicating a substantial increase in roughness following
coating. The SEM image (Fig. 3) reveals that the S2 sample exhibits
pores with a rough surface texture, whereas the S3 sample appears
smoother. However, despite the smoother pore morphology, the S3
sample demonstrates a higher overall surface roughness due to the
random distribution and greater prevalence of volcanic features.

Wettability reflects the surface characteristics of a material, gov-
erned by the interaction between a liquid and the solid surface upon
contact. It describes the liquid’s tendency to spread over or adhere to the
surface and is quantitatively assessed by the contact angle formed at the
liquid-solid interface [84]. This parameter provides critical insight into
the surface’s hydrophilic (contact angle < 90°) or hydrophobic (contact
angle > 90°) nature. Fig. 6(d-F) presents the contact angle measure-
ments for the S1, S2, and S3 samples, with corresponding values sum-
marized in Table 2. All samples exhibited hydrophilic behavior, as
evidenced by contact angles below 90° The degree of hydrophilicity
increased progressively from S1 (70 £ 1.9°) to S2 (53+1.3°), and further
to S3 (39 + 1.4°). Corresponding surface energy values were calculated
as 24.9 + 1.8 mJ/m?, 43.8 4+ 1.6 mJ/m?, and 56.5 + 1.2 mJ/m? for S1,
S2, and S3, respectively.

According to Wenzel’s model, wettability is influenced by both sur-
face roughness and chemical composition and is described by Eq. (4)
[85,861,

cosf, = rcosts 4)

where 6, and ¢; denote the actual contact angles on rough and smooth
surfaces, respectively, and r represents the roughness ratio defined as the

Si-0 wt.% Ca-0 wt.%

Si-3.3 wt.% Ca-0 wt.%

Fig. 4. Scanning electron microscopy images accompanied by energy-dispersive X-ray (EDX) elemental maps and spectra illustrating the surface composition of the
uncoated Ti-40Nb substrate (a-a7) S1, and the plasma electrolytic oxidation-treated samples (b-b7) S2, and (c-c7) S3.
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Fig. 5. Scanning electron microscopy images highlight the coating thickness of plasma electrolytic oxidation coated (a,b) S2 and (c,d) S3 samples. The yellow dotted
line highlights the inner dense layer, and the red dotted line highlights the outer porous layer of the coating.

Fig. 6. Atomic force microscopy (AFM) images illustrating the surface roughness profiles (a-c) and corresponding contact angle measurements (d-f) for the uncoated
S1 sample (a,d) and plasma electrolytic oxidation-treated samples S2 (b,e) and S3 (c,f).

Table 2

Surface roughness, contact angle, and surface energy values for samples S1, S2,
and S3, highlighting the influence of surface modification on wettability and
interfacial properties.

Sample Ra, pm Contact angle ¢, degree Surface energy, mJ/m>
S1 0.21+0.01 70+1.9 249+18
S2 0.47+0.08 53+1.3 43.8 +1.6
S3 0.76+0.08 39+1.4 56.5 + 1.2

ratio of the actual surface area to the projected surface area. According
to Wenzel’s model, increasing surface roughness amplifies the intrinsic
wettability: rough hydrophobic surfaces become more hydrophobic,
while rough hydrophilic surfaces become more hydrophilic [84]. The
TiOz component within the oxide layer exhibits pronounced hydrophilic
behavior due to its high surface polarity, which facilitates strong in-
teractions with water molecules [87,88]. Accordingly, the S2 and S3

samples are characterized by hydrophilic surfaces and greater surface
roughness than the uncoated reference demonstrated enhanced wetta-
bility. Among the coated samples, S3 exhibited the most pronounced
wettability, attributable to its specific chemical composition. The
incorporation of Ca?* and PO4*" ions alongside TiO- further augments the
hydrophilicity of the S3 surface, enhancing both hydration capacity and
water affinity. These ions significantly increase surface polarity and
promote water adsorption, as substantiated by previous studies [89,90].

3.4. Hardness and adhesion strength

Fig. 7(a) presents the variation in Vickers microhardness across
samples S1, S2, and S3, with measured values of 337+27 HVj 1, 506+73
HVp1, and 622+44 HVj;, respectively. The enhanced hardness
observed in the coated samples S2 and S3 is attributed to the formation
of the rutile phase, as confirmed by XRD analysis. This phase contributes
to the improved surface hardness relative to the uncoated, SLM-
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Fig. 7. (@) Vickers microhardness plot illustrating the hardness variation across samples S1, S2, and S3. (b) Frictional force versus normal load curves for S2 and S3
coatings, accompanied by corresponding scanning electron microscopy images of the scratch tracks: (¢) S2 and (d) S3. The yellow arrows indicate grooves formed
during the initial phase of testing, consistent with cohesive failure, while the red dotted lines mark the critical load (L.) corresponding to the onset of adhesive failure

and coating delamination.

fabricated S1 sample. Notably, the S3 sample exhibits the highest
hardness, which is consistent with its greater rutile phase fraction.
Previous studies have demonstrated that the presence of crystalline
rutile significantly enhances coating hardness [91,92], corroborating
the superior mechanical performance of the S3 surface.

Adhesion strength is a critical parameter in biomedical implant ap-
plications, as insufficient interfacial bonding between the coating and
substrate can compromise mechanical stability during functional use. In
this study, the adhesive performance of the S2 and S3 samples was
assessed via instrumented scratch testing, with the frictional force versus
normal load profiles shown in Fig. 7(b). Adhesion strength reflects the
mechanical integrity of the coating-substrate interface and is commonly
evaluated by identifying the critical load (L.) at which complete coating
delamination occurs [93,94]. The scratch test involved applying a lin-
early increasing normal load across the coated surface, inducing pro-
gressive mechanical deformation. Coating failure may manifest either
adhesive failure at the interface or cohesive failure within the coating
layer [82]. The onset of coating failure (L.) is typically marked by a
sudden rise in frictional force relative to the applied load and scratch
length. Factors influencing L. include surface morphology, coating
thickness, roughness, and chemical composition [95]. In both S2 and S3
samples, a gradual increase in frictional force was observed with
increasing scratch length. The L. values were determined to be
approximately 16 N for the S2 and 15.5 N for the S3 sample, indicating
comparable adhesion performance.

In addition, SEM analysis was conducted to investigate the L. and
morphology of scratch tracks on the S2 (Fig. 7(c)) and S3 (Fig. 7(d))
samples. During the initial phase of the scratch test, well-defined
grooves aligned with the scratch direction were observed, indicative
of cohesive failure within the coating. This stage corresponded to a
relatively stable frictional force profile, suggesting internal damage
without interfacial separation. As the applied load approached the
critical threshold, adhesive failure became dominant, marked by a sharp
rise in frictional force and the onset of coating delamination. SEM im-
aging in backscattered electron (BSE) mode provided enhanced
compositional contrast, clearly delineating the delaminated regions and

the underlying metallic substrate. Both coatings exhibited comparable
adhesion strength, supporting their potential suitability for long-term
biomedical implant applications.

3.5. Corrosion studies

In this study, the corrosion behavior of samples S1, S2, and S3 was
assessed using electrochemical and impedance spectroscopy (EIS) and
potentiodynamic polarization (PDP) testing. Simulated body fluid (SBF)
with a pH of 7 served as the electrolyte, maintained at a physiological
temperature of 37 °C to replicate in vivo conditions.

3.5.1. Electrochemical study

In addition to the potentiodynamic polarization results, the electro-
chemical behaviour of the samples was evaluated using electrochemical
impedance spectroscopy. Fig. 8 represents the Nyquist plot of S1, S2, and
S3 samples, along with the equivalent circuit used to fit the EIS data of
the S1, S2, and S3 samples. The EIS spectra were fitted using an
equivalent-circuit approach, with y2 values in the 10~ range confirming
good agreement between the model and experimental data. The un-
coated sample (S1) was represented by a single time constant Fig. 8(b),
while the coated samples (S2 and S3) were represented by a two-time
constant Fig. 8(c), consistent with the porous outer layer and compact
inner barrier typical of PEO coatings. The circuit contained resistive
elements (R; —solution resistance, Ry —outer porous layer resistance/Rp
—Polarization resistance (for bare sample), Ri, —inner dense layer resis-
tance) and constant-phase elements (Q). To address the surface rough-
ness and non-uniform film morphology of the oxide layer, Q was used
instead of ideal capacitors.

The Nyquist plot in Fig. 8(a) shows a significant difference between
the uncoated substrate (S1) and the PEO-coated samples (S2 and S3). S1
displays a semicircle with lower resistance, while the S2 and S3 coatings
exhibit semicircles with higher resistance, owing to the porous outer
layer and the dense inner layer that are characteristic of PEO-derived
oxide systems [38,86]. The fitted parameters in Table 3 show that S1
exhibits the lowest resistance values, consistent with the weak
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Fig. 8. (a-f). X-ray photoelectron spectroscopy (XPS) spectra of Ti2p, Nb3d, O1s, Ca2p, P2p, and Si2p of the S2 and S3 samples after potentiodynamic polarization
(PDP) curve in simulated body fluid (SBF) at pH 7 and 37 °C. The dotted line denotes the spectra before PDP studies, and the solid line denotes the spectra after

PDP studies.

Table 3
Electrochemical impedance parameters of S1, S2 and S3 samples obtained from the equivalent circuits.
Sample R, Q-Yo, @ 'em 2s® Qn Rout Q-Yo, Qn Rin x*1072
Q cm? Q cm? Q lem 25" Q cm?
s1 11.2 43x10° 0.85 2.4 % 10° - - - 0.3
s2 3.54 1.99x1071° 0.74 6.1 x 10° 1.4 x 1078 0.79 5.9 x 10° 0.5
s3 4.62 6.02x10° 1 0.72 9.2 x 10° 9.1x10°8 0.87 1.3 x 10° 0.5

protective nature of the native oxide on Ti-Nb alloys [33]. S2 showed
improved resistance than S1, with Ry = 6.1 x 10° @-cm? and Ry, = 6.9
x 10° Q-cm?, indicating the formation of a protective compact oxide. $3
exhibited the highest impedance values, with Royt = 9.2 x 10° Q-cm?
and Ry, = 1.3 x 10° Q-cm?,demonstrating the superior performance of
the HAp-modified oxide coating. The lower Q (Q ~ 6.02 x 10 ! and 9.1
x 1078Q7L.cm™2:s") and higher n (n = 0.87) for $3 further indicate a
more uniform dielectric behaviour and reduced porosity [96]. These
improvements are attributed to the incorporation of HAp, which
partially fills surface pores and promotes the development of stable
TiO2/NbyOs/HAp composite oxide in accord with the XPS results.
Similar strengthening of barrier performance through nanoparticle
incorporation has been reported in earlier studies [23,41]. Overall, the
EIS result shows that the S3 sample provides the highest corrosion
resistance, attributed to its compact oxide layer. These findings correlate
well with PDP and XPS results, confirming that the HAp-modified
electrolyte produces a more stable oxide film.

3.5.2. Potentiodynamic polarization curve
The potentiodynamic polarization curves for samples S1, S2, and S3

are presented in Fig. 9, with the corresponding corrosion potential

10*

10

10—8_

1 0-10 4

Current density (A/cm?)

10" . : .
0 1
Potential (V vs SCE)

Fig. 9. Potentiodynamic polarization curves of the uncoated S1 sample and
plasma electrolytic oxidation-treated S2 and S3 samples, recorded in simulated
body fluid (SBF) at pH 7 and 37 °C to simulate physiological conditions.
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(Ecorr), corrosion current density (I.or), passivation current (I,), and
passivation potential (E,) summarized in Table 4. Among the samples,
S3 exhibited a higher E, and a lower I, compared to S2 and S1,
indicating superior corrosion resistance and enhanced electrochemical
stability.

Analysis of the potentiodynamic polarization (PDP) curve reveals
that the anodic region comprises three distinct zones: active, passiv-
ation, and transpassive. The active region corresponds to the dissolution
of the passive layer, marked by a rising corrosion current density due to
increased charge transfer at the metal-electrolyte interface. As the
applied potential reaches a critical threshold, the rate of oxidation sur-
passes that of dissolution, initiating passivation [97]. During the
passivation phase, a stable and protective oxide layer forms, effectively
suppressing charge transfer and thereby reducing the corrosion current
density. Notably, the S3 sample exhibited a lower passivation current
density (0.006 pA/cm?) compared to S2 (0.01 pA/cm?), indicating
enhanced corrosion resistance. This improvement reflects the synergis-
tic effect of the plasma electrolytic oxidation (PEO)-induced oxide
coating and the passivated surface layer. Beyond the breakdown po-
tential, the passive layer undergoes rupture, resulting in a sharp increase
in corrosion current density and transition into the transpassive region.

The S3 sample exhibited a higher breakdown potential (1.04 V)
compared to the S2 sample (0.90 V), indicating enhanced resistance to
corrosion under aggressive electrochemical conditions. Both the
potentiodynamic polarization (PDP) curves and the corresponding
electrochemical parameters confirm that S3 possesses superior corrosion
resistance relative to S2 and the uncoated S1 sample. This improvement
is primarily attributed to the structural integrity and morphology of the
oxide layer formed during plasma electrolytic oxidation (PEO). The
incorporation of hydroxyapatite (HAp) nanoparticles facilitated the
formation of a dense and compact oxide layer, effectively minimizing
direct exposure of the substrate to corrosive ions [62]. This barrier
delayed the onset of corrosion and impeded ion transport across the
metal-electrolyte interface, thereby enhancing overall corrosion per-
formance [35]. A comparative summary of the corrosion results from
this study and previous investigations involving PEO processing with
different electrolytes is presented in Table 5.

The corrosion resistance of plasma electrolytic oxidation (PEO)
coatings is governed by several factors, including coating thickness,
chemical composition, porosity, and pore size. Coatings with greater
thickness and reduced porosity have been shown to offer superior
corrosion protection [67]. The S3 sample, distinguished by its increased
coating thickness and low porosity, exhibited a higher corrosion po-
tential (E.,,) and lower corrosion current density (Icor) compared to S2,
indicating enhanced electrochemical stability. The incorporation of
hydroxyapatite (HAp) nanoparticles contributed to the formation of an
HAp-enriched layer both over and within the pores of the phospha-
te-silicate matrix. The resulting oxide layer displayed smooth pores with
sufficient surface roughness, acting as an effective barrier against the
penetration and leaching of aggressive electrolyte species. The influence
of coating composition on corrosion resistance can be further under-
stood through the nature of the oxide layer formed during passivation,
as represented by reactions (5-8). In the case of S2, the anodic process

Table 4

Potentiodynamic polarization data for the uncoated S1 sample and plasma
electrolytic oxidation-treated S2 and S3 samples, obtained in simulated body
fluid (SBF) at pH 7 and 37 °C. Parameters include passivation current (I,),
passivation potential (E,), and breakdown potential (Ejp).

Sample  Ecor (V vs Teorr (UA/ I, (uA/ E, (Vvs Ep (Vvs
SCE) cm?) cm?) SCE) SCE)
S1 -0.6 +£0.01 0.52 + 0.04 8 -0.05 0.87
S2 -0.2 +£0.04 0.014 + 0.010 0.14 0.9
0.001
S3 0.1 £+ 0.09 0.002 + 0.006 0.5 1.04
0.001
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involves the interaction of PO+* jons from the coating with Ca* ijons
from the electrolyte, leading to the formation of a protective calcium
phosphate (CaP) layer,

(5)

Silicate components enhance the stability of the passive layer
through the formation of silica-rich complexes, which reinforce the
structural integrity of the oxide barrier and inhibit electrolyte
penetration,

3Ca*" + 2P0 = Ca3(PO,),(protective layer)

SiO, + 2H,0 = Si(OH),,(protective layer) 6)

In the S3 sample, dissolution of hydroxyapatite (HAp) nanoparticles
leads to the release of Ca**, PO+*, and OH- ions into the surrounding
medium.

Cay9(PO4)s(OH), = 10Ca** + 6PO3~ + 20H~ )

The release of OH™ ions elevate the local pH, generating an alkaline
microenvironment conducive to passive layer formation. These hy-
droxide ions interact with the simulated body fluid (SBF), promoting the
reprecipitation of a protective hydroxyapatite layer on the surface:

10Ca*" + 6PO3~ +20H™ = Caio(PO4)4(OH), (protective layer) ©)

Fig. 10(a-c) presents SEM images and EDS elemental mapping of
samples S1, S2, and S3 following potentiodynamic polarization testing,
highlighting surface morphology and compositional features. Consistent
with the PDP results, the SEM analysis revealed no significant damage or
severe coating delamination, confirming the structural stability of the
coatings. The S1 sample exhibited a relatively intact surface, while S2
and S3 displayed porous morphologies with localized regions of disso-
lution. EDS analysis of S1 confirmed the presence of Ti, Nb, and O,
indicative of TiO2 and Nb20Os oxide layers. However, the lower corrosion
resistance of S1 is attributed to its reduced oxide content compared to
the coated samples. As described in reactions (5) and (6), interaction
between the S2 coating and the electrolyte facilitated the formation of a
protective layer composed of silicate and calcium phosphate (CaP)
phases, in addition to TiO2 and Nbz0s. This composite oxide structure
contributed to the enhanced corrosion resistance observed in the coated
samples.

The presence of O, Si, Ca, and P in the EDS mapping (Fig. 10(b-b8))
confirms the formation of a composite protective layer on the S2 sample.
As described in reaction (8), the interaction between the S3 coating and
the electrolyte led to the development of a Ca-P-rich oxide layer, in
addition to TiO2 and Nb20s phases. This is further supported by the
higher weight percentage of Ca and P detected in the EDS mapping of the
S3 sample (Fig. 10(c-c8)). Beyond the ceramic oxide coating and the
reprecipitated protective layer, the increased fraction of the rutile phase
in S3 significantly contributed to its enhanced corrosion resistance.
Moreover, the superior performance of hydroxyapatite (HAp) in S3
compared to S2 is attributed to its intrinsic chemical stability and
elevated Ca content. The presence of hydroxyl groups in HAp imparts
stability across a wide pH range, reducing dissolution and thereby
improving corrosion resistance [67].

In addition to the EDX analysis, XPS analysis was performed to
investigate the composition of the oxide layer following potentiody-
namic polarization study. Fig. 11(a-f) highlights the chemistry of the
oxide layer of the S2 and S3 samples before and after the PDP studies. In
the Ti2p region, both coatings display the doublet peaks with Ti2p3/2
near ~455-459 eV, confirming TiO2 as the dominant species. After PDP,
S3 exhibits a stronger Ti2p signal and slight peak broadening, indicating
the growth of a more hydrated TiO; layer [103]. The Nb3d spectra show
peaks near ~205-205 eV and ~ 206-209.8 eV, corresponding to NbyOs,
and their increased intensity in S3 after PDP suggests enhanced stabi-
lization of Nb-oxide species, contributing to improved passivity [104].

The O1s peaks reveal lattice oxygen near ~528-530 eV and hydroxyl
species at ~531.5-532.5 eV. S3 shows a more pronounced increase in
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Comparison of potentiodynamic polarization results from the present study with existing literature on plasma electrolytic oxidation (PEO) coatings using various
electrolyte systems. Parameters include coating composition (Comp.), processing time (T) in min, coating thickness (D) in um, corrosion potential (Ec,) in V, corrosion

current density (Ieorr) in pA/cmZ, electrolyte type (E), and reference (Ref.).

Material Process Comp. T D Ecorr Leorr E Ref.
Ti4ONb SLM Phosphate and Silicate 6 69 +1 (—0.2 + 0.04) V vs SHE 0.014 SBF This
+0.001 work
Phosphate, Silicate, and HA 8+1.5 (0.1 £ 0.09) V vs SHE 0.002
+0.001
Ti40ONb Wrought Phosphate, calcium,0.3 Ag 5-10 41.6 + 0.64 V vs SCE 0.00148 Ringer’s [33]
4.2 solution
Phosphate, calcium,1.0Ag 54.6 + 0.62 V vs SCE 0.002
2.8
Ti4ONb Wrought Phosphate and Silicate 6 11.5+1 —0.28 V vs SCE 0.57 SBF [23]
Phosphate, Silicate, and HA 6 16+1 —0.13 Vvs SCE 0.008
Til5Nb Cast Calcium, phosphate 1 6.7 —0.384 V vs Ag/AgCl 0.41 SBF [98]
Ti4ONb Magnesium 1.3 —0.147 V vs Ag/AgCl 0.03
TiNbTaZr Hot- TiO,, (HA) and (TCP) 5 50-90 —0.069-0.12 V vs Ag/ 0.14-1.4 SBF [99]
forged AgCl
TilONb Cast calcium acetate and calcium 3 1.82 —0.645 V vs SCE 6.95 SBF [100]
glycerophosphate
Ti30Nb 1.85 —0.353 V vs SCE 0.006
Ti50Nb 1.86 —0.406 V vs SCE 0.253
Ti39Nb6Zr Wrought KOH solution 1 9 —0.061 V vs SCE 0.159 PBS [101]
Ti18Zr15Nb  Cast Phosphate 2.5-5 17-21 0.2-0.26 V vs SCE 0.002-0.003 Ringer’s [102]
solution

| Ti-52.9 wt.% | Nb-38.4 wt.
B ‘
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Fig. 10. Scanning electron microscopy (SEM) images of samples S1, S2, and S3 following potentiodynamic polarization testing, accompanied by energy-dispersive
spectroscopy (EDS) elemental mapping illustrating surface morphology and compositional distribution.

the hydroxyl component after corrosion, which is known to promote
Ca-P nucleation [51]. The increased peak intensity of Ca2p (Ca2ps/, at
~346 eV) and P2p (~130-134 eV) in S3, indicates deposition of cal-
cium-phosphate species from the SBF [105]. In contrast, S2 presents
weaker Ca-P accumulation. The Si2p peak near ~99-103 eV also shows
an increase in S3, suggesting better retention of silicate species within
the oxide. Overall, the XPS spectra confirm S3 coating provides a more
stable oxide layer during exposure to SBF, characterised by enhanced
oxide growth, higher hydroxylation, and stronger Ca-P enrichment
trends consistent with previously reported PEO systems exhibiting su-
perior corrosion resistance [51].

3.6. Cell study

The biocompatibility of samples S1, S2, and S3 was evaluated using
the Alamar Blue assay following 24 h and 72 h incubation periods.
Fig. 12(a) presents the cell viability profiles for all samples at both points
of time. Notably, S2 and S3 exhibited higher cell viability after 24 h
compared to S1, indicating improved initial cell attachment on the
coated surfaces. Key surface characteristics such as roughness,
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wettability, and coating composition—play a critical role in modulating
cell adhesion and cytoskeletal development. Increased surface rough-
ness enhances the available area for cellular anchorage, while hydro-
philic surfaces promote cell spreading and proliferation [53,62]. These
synergistic effects foster a favorable microenvironment for cellular in-
teractions, enabling robust adhesion and integration through both me-
chanical interlocking and chemical bonding mechanisms [98]. Such
surface attributes are particularly important in biomedical applications,
including tissue engineering and implantology, where rapid and stable
cellular integration is essential for achieving successful clinical out-
comes [106,107].

Among the coatings, the S3 sample exhibited the highest rate of cell
proliferation, attributed to the synergistic effects of increased surface
roughness and the presence of bioactive ions that enhance hydrophi-
licity. The incorporation of hydroxyapatite (HAp) nanoparticles signif-
icantly increased the effective surface area and surface energy, thereby
enhancing surface reactivity and enabling the sustained release of Ca*
and PO+* jons—key factors in promoting cell proliferation and tissue
integration [42,108]. Furthermore, the presence of HAp nanoparticles
supports osteogenic differentiation and enhances bone cell activity,



S. Subramanian et al.

Applied Surface Science Advances 31 (2026) 100917

()

Tizp,

Counts
Counts

)

(©)

Ols

Counts

466 464 462 460 458 456 454212 210 208 206 204 536 534 532 530 528 526
Binding energy (eV) Binding energy (eV) Binding energy (eV)
(d) © (f)
Calp;, AR

Counts
Counts

Counts

350 348 346 344 134

Binding energy (eV)

342 136

132

Binding energy (eV)

104 102 100 98
Binding energy (eV)

130 128 106 96
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Fig. 12. (a) Cell viability of S1, S2, and S3 samples assessed using the Alamar Blue assay with MC3T3 pre-osteoblast cells after 24 h and 72 h of incubation. (b—d)
Fluorescence images of MC3T3 pre-osteoblast cells cultured on the surfaces of S1, S2, and S3 samples, respectively, after 72 h of incubation.

contributing to improved biological performance of the coating [109].

Fig. 12(b-d) presents fluorescent imaging of MC3T3 pre-osteoblast
cells cultured on the surfaces of samples S1, S2, and S3. Dual staining
was performed using DAPI (blue-fluorescent DNA stain) and RFP (Red
Fluorescent Protein) to visualize cellular components. DAPI selectively
stains nuclear DNA, while RFP highlights the cytoskeletal architecture,
enabling clear differentiation of cell morphology on the sample surfaces.
All samples exhibited healthy cell morphology; however, the fluores-
cence image of S3 (Fig. 12(d)) revealed markedly enhanced cellular
attachment and spreading. This behavior is attributed to the favorable
microenvironment provided by the porous, HAp-rich coating, which
offers anchoring features such as pore walls and surface edges that
facilitate initial cell adhesion. The rough and porous surface texture
promotes the extension of filopodia and lamellipodia, enhancing cell
mobility, an essential factor in the early stages of osseointegration.
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Additionally, HAp nanoparticles act as active nucleation sites for apatite
formation, closely mimicking the mineral phase of natural bone [110].
In agreement with the Alamar Blue assay results, the fluorescence im-
aging confirms a higher density of viable cells with well-defined
morphology on the S3 surface. The combined presence of surface
roughness, bioactive ions from HAp, and the TiO>-Nb2Os oxide matrix
contributes to the coating’s suitability for implant applications. These
findings validate that surface functionalization of the Ti4ONb alloy via
plasma electrolytic oxidation in a phospha-
te-silicate-hydroxyapatite-based electrolyte yields a bioactive surface
with significantly improved corrosion resistance and biocompatibility.

4. Conclusion

In summary, this study demonstrates the potential of plasma
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electrolytic oxidation as an effective surface modification strategy to
enhance the biomedical performance of in-situ alloyed Ti4ONb fabri-
cated via SLM:

1. Structural characterization confirmed the formation of key oxide
phases, including TiO: (anatase and rutile) and Nb2Os, in the S2 and
S3 coatings. The incorporation of hydroxyapatite (HAp) nano-
particles in S3 promoted a higher fraction of rutile, attributed to
localized thermal effects during PEO processing.

2. Surface morphology was significantly improved by HAp incorpo-
ration, resulting in reduced porosity, increased coating thickness,
and refined pore structure. The distinct volcanic-like features
observed in S3 contributed to greater surface roughness and effective
surface area, while the release of bioactive Ca** and PO+~ ions
enhanced hydrophilicity through hydroxyl group adsorption.

3. Electrochemical testing revealed superior corrosion resistance in
coated samples (S2 and S3) compared to the uncoated S1. Among
them, S3 exhibited the highest polarization resistance and lowest
corrosion current density, attributed to the formation of a more
compact and stable oxide layer

4. In vitro biocompatibility analysis demonstrated that the HAp-
enriched S3 coating significantly enhanced cell adhesion, viability,
and proliferation, confirming its improved osseointegration
potential.

Considering, the combination of a rough, bioactive surface with
controlled porosity and tailored chemical functionality supports osteo-
genic activity, making the material highly suitable for orthopedic ap-
plications. Overall, these findings suggest that PEO-treated, SLM-
processed Ti4ONb alloys with HAp incorporation represent a promising
class of advanced materials for next-generation orthopedic implants.
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This study examines the microstructural, mechanical, and electrochemical passivation characteristics of a Ti-
35 Nb-5Fe alloy fabricated by selective laser melting (SLM) using elemental powders, with Ti-40 Nb serving as a
reference p-type alloy. Fe addition effectively stabilizes the § phase, increasing its fraction from ~85% in Ti-
40 Nb to ~99% in Ti-35 Nb-5Fe, and promotes substantial grain refinement (from ~48 um to ~11 um). These
microstructural modifications enhance hardness, compressive strength, and plasticity while maintaining a low
elastic modulus suitable for biomedical applications. Electrochemical impedance spectroscopy in phosphate-
buffered saline at 37 °C reveals the formation of a stable, protective passive film on Ti-35 Nb-5Fe, character-
ized by higher polarization resistance and lower capacitance during immersion. Mott-Schottky analysis confirms
n-type semiconducting behavior with reduced donor density, consistent with Fe®*-mediated oxygen-vacancy
compensation predicted by the point defect model. X-ray photoelectron spectroscopy depth profiling identifies
an ~3nm thick mixed-oxide layer composed predominantly of TiO2, Nb2Os, and Fez0s. The combined effects of
B-phase stabilization, grain refinement, and modified passive-film chemistry demonstrate that SLM-fabricated Ti-
35 Nb-5Fe possesses superior passivation stability and mechanical performance, highlighting its potential for
load-bearing biomedical implant applications.

1. Introduction

The selection of materials for load-bearing orthopedic implants de-
mands excellent biocompatibility, high mechanical strength, superior
corrosion resistance, and an elastic modulus close to that of cortical bone
[1,2]. Among available metallic biomaterials, titanium (Ti) and its alloys
are widely favored because of their outstanding biocompatibility,
inherent corrosion resistance, low density, and favorable mechanical
performance [3,4]. Their exceptional corrosion resistance in physio-
logical environments arises from the spontaneous formation of a stable,
adherent TiO: passive film on the surface, which acts as an effective
barrier to ionic dissolution and ensures long-term chemical stability [5,
6]. Based on phase stability, Ti alloys are generally categorized into
a-type, a+ B-type, and B-type systems [7-9]. Early orthopedic implants

made from the a+ p alloy Ti-6Al-4 V raised concerns due to the potential
cytotoxicity of Al and V, as well as their relatively high elastic modulus
(~110-120 GPa) [10-12]. Consequently, metastable p-type Ti alloys
characterized by a significantly lower elastic modulus (60-80 GPa)
combined with high mechanical strength have emerged as promising
alternatives for load-bearing orthopedic applications [13-15]. The
phase stability of p-type Ti alloys is commonly designed using parame-
ters such as the molybdenum equivalence (Moeq) and the
electron-to-atom (e/a) ratio [16]. The most recent Moegq relationship for
predicting the B-phase stability is proposed in Eq. (1) [17],

Mo, =Mo+1.25 V+0.59 W+0.28Nb+0.22Ta+ 1.93Fe
+1.84Cr+1.51Cu+ 2.46Ni+ 2.67Co + 2.26Mn+ 0.3Sn (€3]
+0.47Zr+3.01Si+ 1.47Al(wt%)
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Elements that act as p-stabilizers in Ti alloys include Nb, Ta, Mo, Zr,
Sn, and Fe [18,19]. However, alloying additions such as Ta and Mo
significantly increase material cost, limiting the economic feasibility of
these systems for large-scale biomedical implant production [20].
Although p-type Ti alloys offer superior mechanical and corrosion
properties compared to conventional Ti-based alloys, their high cost
remains a major constraint [21]. In this context, Fe has emerged as an
effective and economically attractive p-stabilizing element for devel-
oping biomedical Ti alloys [22]. It is widely regarded as biocompatible
for implant applications [23], and its addition strongly influences phase
stability in the Ti-Nb system [24]. Dobromyslov et al. reported that Fe
additions reduce the martensite start temperature in Ti-Nb alloys, pro-
moting p-phase retention at room temperature [25]. Similarly, Lin et al.
demonstrated that alloying with high-valence-electron elements such as
Fe suppresses martensitic transformation in Ti-Nb alloys [26]. More-
over, Fe offers substantial cost advantages over f-stabilizers like Zr, Mo,
and Ta, further enhancing the economic viability of Ti-based biomedical
implants [21].

Conventional processing routes for Ti-based alloys used in biomed-
ical implants include vacuum arc remelting, ingot casting, forging,
rolling, powder metallurgy, and hot isostatic pressing [27-30]. In recent
years, additive manufacturing (AM) techniques, particularly selective
laser melting (SLM), have gained significant attention as advanced
fabrication methods for Ti-based alloys [9,31-33]. SLM enables the
development of novel alloy compositions with complex geometries and
patient-specific implant designs [34-36]. Its layer-by-layer fabrication
approach allows precise control over structural architecture and
porosity, while the rapid cooling rates can suppress the formation of
undesirable o or «’ martensitic phases and promote stabilization of the
metastable p-phase [37]. Moreover, rapid solidification enhances solute
retention and minimizes elemental segregation, contributing to an
improved balance between strength and ductility [38,39]. Conse-
quently, the use of SLM for fabricating f-type Ti alloys presents a
promising pathway for achieving enhanced mechanical and electro-
chemical performance. Several studies have examined Fe-containing
B-Ti alloy systems produced through various processing routes. Yasser
et al. reported that Fe addition in rolled Ti-Mo-Fe alloys enhanced both
mechanical and biological performance while reducing overall material
cost [40]. Investigations on cast and quenched Ti-Nb-Fe alloys [41], hot
isostatic pressed Ti-Mo-Fe [42] and the cast Ti-(Nb,Ta)-Fe [43] consis-
tently demonstrated that Fe promotes p-phase stability, lowers the
elastic modulus, and improves mechanical strength and hardness.
Despite the growing interest in Fe-alloyed B-Ti systems, comprehensive
studies evaluating the combined mechanical response and long-term
corrosion and passivation behavior of SLM-fabricated alloys under
physiological conditions remain limited.

Therefore, the present study investigates the SLM fabrication of a Ti-
35 Nb-5Fe alloy using elemental powders. The use of elemental powders
provides greater flexibility in alloy design, reduces material cost, and
enables the exploration of non-equilibrium compositions achievable
through SLM’s rapid solidification behavior [44]. The objective of this
work is to evaluate the influence of Fe addition on phase stability,
microstructure, mechanical properties, and electrochemical behavior in
a physiological environment, and to compare these results with our
previous study on SLM-fabricated Ti-40 Nb alloy. Overall, the findings
demonstrate that Fe-modified Ti-Nb alloys produced via SLM constitute
a promising material system and fabrication route for next-generation
biomedical implants.

2. Materials and methods
2.1. Feedstock preparation
Commercially pure titanium (CP-Ti) (>99.9%, 25 pm, Nanoshell,

UK), niobium (Nb) (>99.9%, 27 pm, Pacific Particulate Materials Ltd.,
Canada), and iron (Fe) powders (>99.9%, 25 pm, Materials Ltd.,
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Canada) were used as the starting materials for preparing the feedstock.
The elemental powders were blended in the required weight percentages
(wt%) using a mechanical mixer operated at 10 rpm for 24 h. The Ti-
40 Nb feedstock was prepared by mixing 60 wt% Ti and 40 wt% Nb,
while the Ti-35 Nb-5Fe feedstock was produced by mixing 60 wt% Ti,
35 wt% Nb, and 5 wt% Fe.

2.2. Sample preparation

The Ti-40 Nb and Ti-35 Nb-5Fe bulk samples were fabricated using
an SLM 280 2.0 system (SLM Solutions) equipped with an IPG 1064 nm
fiber laser with a spot size of ~110 ym and a maximum power of 700 W.
Cuboidal specimens (10 x 10 x 10 mm?) were produced using a laser
power of 650 W, a scanning speed of 650 mm/s, a hatch spacing of
35 um, a layer thickness of 30 um, and a hatch rotation angle of 67°.
Following previously reported procedures [45], a triple-melting strategy
was employed to enhance compositional uniformity and microstructural
homogeneity. After fabrication, the samples were detached from the Ti
build platform using wire electrical discharge machining (WEDM).
Densities measured via Archimedes’ principle (Mettler Toledo ME204,
Germany) indicated a relative density of approximately 99%.

2.3. Material characterization

Phase analysis of the mixed powders and SLM-fabricated samples
was carried out using a Bruker AXS X-ray diffractometer (XRD) equipped
with Cu Ka radiation (. = 1.54 A). Diffraction patterns were collected
over a 26 range of 30°-90° with a step size of 0.02°. Lattice parameters
of the printed samples were determined using Rietveld refinement.
Morphological characterization of the mixed powders and microstruc-
tural analysis of the fabricated samples were performed using a Zeiss
Gemini SEM 450 equipped with an electron backscatter diffraction
(EBSD) detector. Average particle size of the mixed powders was
quantified from SEM micrographs using ImageJ software. Prior to
microstructural examination, samples were mechanically ground using
SiC papers from P600 to P4000, followed by electropolishing according
to standard metallographic procedures. Electropolishing was performed
using a M/s. Struers system (Model: LectroPol 5) with Electrolyte A3
(consisting of 58.82% methanol, 35.29% 2n-butoxyethanol, and 5.89%
perchloric acid). The process was conducted at an applied voltage of
32 V with a resulting current density of 0.2 A/cm? for a duration of 12 s
at a controlled temperature of 25 °C. The polished samples were sub-
sequently examined using SEM and EBSD for detailed microstructural
characterization. The grain size of the SLM-fabricated samples was
measured from EBSD data using the area fraction method. A scan area of
approximately 450 um x 335 um was considered for the EBSD analysis.
The Vickers microhardness of the samples was measured using a Buehler
Micromet hardness tester under an applied load of 1000 g and a dwell
time of 10 s. For each sample, the reported hardness value represents the
average of ten indentations. Compressive mechanical behavior was
evaluated at room temperature using an Instron 5967 universal testing
machine equipped with a 30 kN load cell. Tests were conducted at a
constant strain rate of 1 x 107> s to obtain the stress-strain response.
Cylindrical specimens measuring 6 mm in height and 3 mm in diameter
were prepared in accordance with ASTM E9 [46], with the loading axis
aligned parallel to the build direction. For each condition, three inde-
pendent specimens were tested to ensure reproducibility and consis-
tency of the mechanical results.

The electrochemical behavior of the Ti-35 Nb-5Fe and Ti-40 Nb
samples was evaluated at 37 & 1 °C using an Autolab PGSTAT302N-
FRA32 electrochemical workstation in phosphate-buffered saline
(PBS), simulating physiological conditions. Measurements were con-
ducted in a three-electrode configuration, with the samples serving as
the working electrode, a platinum sheet as the counter electrode, and an
Ag/AgCl electrode as the reference. Prior to testing, samples were
immersed for 0.5h to stabilize the open-circuit potential (OCP) and
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ensure steady state surface conditions. Potentiodynamic polarization
tests were performed on an exposed area of 0.5 cm? at a scan rate of
0.01 V/s over a potential range of —0.5 to + 2.0 Vag/agcl. Electro-
chemical impedance spectroscopy (EIS) measurements were carried out
at the OCP over a frequency range of 0.01 Hz to 10* Hz using a 10 mV
(rms) sinusoidal perturbation. Equivalent circuit fitting was applied to
the impedance spectra to extract polarization resistance and passive-film
capacitive parameters. Long-term EIS measurements were additionally
performed on Ti-35 Nb-5Fe after immersion periods of 1, 24, 48, and
72 h to assess passive-film stability. Mott-Schottky analysis was con-
ducted at 1 kHz to evaluate the semiconducting characteristics of the
passive film. All measurements were repeated three times to ensure
reproducibility. Surface analysis of the Ti-35 Nb-5Fe sample was per-
formed in both the as-polished condition (air-formed native oxide) and
after 72 h immersion in PBS at 37 °C to evaluate passive-film charac-
teristics. X-ray photoelectron spectroscopy (XPS) measurements were
conducted using a Thermo Scientific Nexsa system equipped with a
monochromatic Al Ka source (E = 1486.68 eV). Depth profiling of the
72 h-immersed sample was carried out by sputtering the surface with an
Ar-ion beam. Sputtering was performed as a function of time (for 0, 10,
20, 30, 40, 50, 60, 70, 80, and 90 s) to obtain time-resolved chemical
depth profiles. The resulting spectra were used to determine the passive-
film composition and estimate its thickness.

3. Results and discussion

Fig. 1(a-a3,b-b3) presents SEM images of the mixed Ti-35Nb-5Fe and
Ti-40Nb powders along with their corresponding elemental composi-
tions (Wt%). The SEM analysis confirms homogeneous mixing of Ti, Nb,
and Fe powders without visible agglomeration. The Ti-35 Nb-5Fe
mixture contains spherical Ti and Fe particles together with irregularly
shaped Nb particles, whereas the Ti-40 Nb mixture consists of spherical

Fe-0wt.%

Journal of Alloys and Compounds 1064 (2026) 187930

Ti particles and irregular Nb particles, consistent with previous reports
[45]. ImageJ analysis of the SEM micrographs indicates average particle
sizes of 25 + 5 um for Ti-35 Nb-5Fe and 24 + 3 um for Ti-40 Nb, both
within the suitable range for SLM processing. Fig. 1(c) presents the XRD
patterns of the mixed powders and the SLM-fabricated Ti-35 Nb-5Fe and
Ti-40 Nb samples. The mixed-powder patterns show peaks correspond-
ing to hexagonal close-packed (hcp) CP-Ti and body-centered cubic
(bce) Nb and Fe in the Ti-35 Nb-5Fe blend, and hcp CP-Ti and bee Nb in
the Ti-40 Nb blend, with no additional phases detected within the
sensitivity of the technique. After SLM processing, the Ti-35 Nb-5Fe
alloy exhibits diffraction peaks corresponding to metastable p-TiNb with
a bec structure (space group Im-3 m), indicating suppression of the
o-martensitic phase. In contrast, the SLM-fabricated Ti-40 Nb alloy
shows the coexistence of metastable B-TiNb and «-martensite with an
hep structure (space group P6s/mmc) [47,48] This o+ B dual-phase
structure is consistent with previous findings and is attributed to
insufficient p-phase stabilization, which promotes martensitic trans-
formation during solidification [45]. Quantitative Rietveld refinement
further confirms that Fe addition increases the p-phase fraction from
~85.4% in Ti-40 Nb to ~99.7% in Ti-35 Nb-5Fe.

The stabilization of the p-phase in the Ti-35 Nb-5Fe alloy can be
attributed to the dual influence of Fe addition: (i) an increase in the
overall Mo value, which reflects the relative p-stabilizing potency of
alloying elements, and (ii) an increase in the electron-to-atom (e/a)
ratio, which governs the electronic stability of the bec lattice [49]. For
metastable f-phase retention at room temperature, the Moeq should
exceed 10 wt% and the e/a ratio should be greater than 4.2 [50,51].
Based on Eq. (1), the calculated values show that Ti-35 Nb-5Fe exhibits
marginal increase in the Moeq (11.8) and e/a (4.43) values as compared
to Ti-40 Nb (Moeq = 11.2; e/a = 4.26). The increase in both parameters
with Fe addition confirms its role in enhancing f-phase stability at room
temperature by suppressing the § — o martensitic transformation [52,

(¢) ©—a-Ti ©—B-Nb @—a-Fe @—B-TiNb @—a'-Ti

o)
@ S ®
i Ti-35Nb-5Fe sample
: @ I@ @ :®
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Ti-40Nb sample
& ®
Me 02 o p o0
Ti-35Nb-5Fe powder
LJL
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Diffraction angle, 20 (degree)

Fig. 1. (a) Scanning electron microscopy images and corresponding energy-dispersive spectroscopy area mapping of mixed (a-a3) Ti-35Nb-5Fe and (b-b3) Ti-40Nb
powders, showing the powder morphology and elemental composition. (c) X-ray diffraction patterns of Ti-40Nb and Ti-35Nb-5Fe powder and selective laser melted
samples. The black dotted lines in the selective laser-melted samples indicate a shift in the peak towards a higher diffraction angle (26).
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keV 5§

Fig. 2. Scanning electron microscopy images of the selective laser-melted (a,b) Ti-35 Nb-5Fe and (d,e) Ti-40 Nb samples acquired in backscattered mode, along with
the corresponding (c,f) energy-dispersive spectroscopy maps showing elemental distributions. The red arrow indicates the presence of o-martensite within the

B-phase matrix.

53]. SEM images of the SLM-fabricated Ti-35 Nb-5Fe alloy (Fig. 2(a,b))
reveal a predominantly B-phase matrix with a trace amount of
o/-martensite visible at higher magnification (Fig. 2(b)). Although
«o/-martensite is detected in SEM, its absence in the XRD patterns is likely
due to its volume fraction being below the XRD detection limit
(~3-5%). In contrast, the Ti-40 Nb alloy (Fig. 2(d,e)) exhibits a lamellar

1010 111

® BD
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o/-martensitic structure distributed within a p-phase matrix. The mark-
edly reduced o/-martensite fraction in Ti-35 Nb-5Fe indicates enhanced
p-phase stability resulting from Fe addition [54,55]. EDS analysis (Fig. 2
(c,f)) confirms compositional homogeneity, yielding average composi-
tions of 59.7 + 0.3 wt% Ti, 36.7 + 0.2 wt% Nb, and 4.5 + 0.1 wt% Fe
for Ti-35 Nb-5Fe, and 58.5 + 0.3 wt% Ti and 41.5 + 0.2 wt% Nb for
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Fig. 3. Electron backscattered diffraction results highlighting the inverse pole figure maps, image quality maps, and the grain size distribution plot of the selective
laser melted (a-c) Ti-35Nb-5Fe and (d-f) Ti-40Nb samples. BD represents the build direction.
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Ti-40 Nb.

To further examine grain morphology and crystallographic orienta-
tion, EBSD analysis was performed on surfaces perpendicular to the
build direction. Fig. 3 presents the inverse pole figure (IPF) maps,
grayscale image-quality (IQ) maps, and grain-size distribution histo-
grams for the Ti-35 Nb-5Fe and Ti-40 Nb samples. The IPF maps show
that both alloys exhibit randomly oriented grains with no pronounced
texture, indicating uniform solidification and the absence of directional
grain growth, behavior commonly observed in rapidly cooled SLM-
processed materials [56]. The IQ maps clearly delineate well-defined
B-grains and grain boundaries, revealing a more refined microstruc-
ture in Ti-35 Nb-5Fe compared to Ti-40 Nb. Quantitatively,
Ti-35 Nb-5Fe displays a narrow grain-size distribution ranging from
~1 pm to 50 um, with an average grain size of 11 + 8 ym, representing
nearly a fivefold reduction relative to Ti-40 Nb. In contrast, Ti-40 Nb
exhibits a broader distribution from ~1 ym to 100 pm, with an average
grain size of 48 =+ 29 um. The relatively large standard deviation
observed for Ti-40NDb indicates a significant variation in grain size dis-
tribution due to the coexistence of B-phase and «-martensite, as
observed in the SEM images (Fig. 2(d,e)). The presence of these phases
results in a bimodal grain structure consisting of both fine and coarse
grains, thereby contributing to the increased standard deviation.

The pronounced grain refinement in Ti-35Nb-5Fe arises from the
combined effects of enhanced nucleation and restricted grain growth
during solidification. As a p-stabilizer with high diffusivity, Fe increases
the number of heterogeneous nucleation sites and contributes to grain-
boundary pinning, thereby promoting the formation of finer grains
[57,58]. In parallel, Fe addition increases constitutional undercooling,
which further accelerates nucleation during rapid solidification [59].
The influence of solute elements on constitutional undercooling can be
quantified using the growth-restriction factor Qy, expressed in Eq. (2)
[601,

Q =mCo(k—1) 2)
where m; is the slope of the liquidus line, Cy is the solute concentration,
and k is the equilibrium partition coefficient. Solute elements with larger
Qs values promote greater constitutional undercooling and increase the
density of heterogeneous nucleation sites, ultimately leading to finer
grain structures [61]. The m; values for Nb and Fe are 10 and —18,
respectively, while the k values for Nb and Fe are 1.25 and 0.38,
respectively [61,62]. Using these parameters, the calculated Qyis higher
for Ti-35Nb-5Fe (143.3) than for Ti-40Nb (100). This increase in Qf
demonstrates that Fe incorporation provides stronger growth restriction
during solidification, suppressing grain coarsening and resulting in
significantly finer p-grains.

The influence of Fe addition on the mechanical behavior of the SLM-
fabricated alloys was assessed through Vickers microhardness and
compression testing. As shown in Fig. 4(a), the Ti-35 Nb-5Fe alloy
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exhibits a significantly higher hardness (494 + 11 HV;) compared to Ti-
40 Nb (374 & 12 HV;). This enhancement is attributed to the refined
B-grain structure in Ti-35 Nb-5Fe, which reduces the effective disloca-
tion mean free path and increases resistance to dislocation motion,
thereby improving hardness [63-65]. The true stress-true strain curves
in Fig. 4(b) further illustrate the compressive response of the alloys.
Ti-35 Nb-5Fe demonstrates a higher yield strength (908 + 33 MPa) and
ultimate compressive strength (1945 + 17 MPa) than Ti-40 Nb, which
exhibits a yield strength of 845 4+ 24 MPa and an ultimate compressive
strength of 1490 + 20 MPa. The plastic strain also increases from ~33%
in Ti-40 Nb to ~48% in Ti-35 Nb-5Fe. Additionally, the elastic modulus
decreases from 34 GPa in Ti-40 Nb to 30 GPa in Ti-35 Nb-5Fe, consis-
tent with the suppression of the stiffer o«/-martensitic phase and stabili-
zation of the more compliant B-phase [66]. Fig. 4(c) presents the
strain-hardening behavior of both alloys, revealing three distinct re-
gions: Region I shows a rapid decrease in strain-hardening rate imme-
diately after yielding; Region II exhibits a relatively stable hardening
rate; and Region III is characterized by a further decline in hardening
rate. While both alloys display similar behavior in Region I, the
Ti-35 Nb-5Fe alloy maintains a higher and more sustained
strain-hardening rate in Region II, indicating superior compressive
deformability and work-hardening capability compared to Ti-40 Nb.
[67-69].

The transition from a dual-phase (¢ + B) microstructure in Ti-40 Nb
to a predominantly single B-phase in Ti-35 Nb-5Fe reduces the contri-
bution of «-martensite, whose hcp structure offers limited slip systems.
In contrast, the bec p-phase provides multiple slip systems, enabling
more uniform plastic deformation [70,71]. The primary strengthening
mechanisms responsible for the enhanced yield strength of Ti-35 Nb-5Fe
are solid-solution strengthening and grain-boundary strengthening [56,
67]. Solid-solution strengthening arises from the substitutional incor-
poration of Fe and Nb atoms into the p-Ti lattice, replacing Ti atoms. The
resulting atomic size mismatch generates local lattice distortions that
interact with dislocations and increase resistance to dislocation glide.
The magnitude of solid-solution strengthening (As) was estimated
using the empirical relation provided in Eq. (3) [16],

2/3

Aoy = (B} ®
where B; is the strengthening coefficient (71 MPa.at.”>3 for Nb and
1715 MPa.at.~ %> for Fe) [67,72]. X; is the atomic fraction of the solute
element. The calculated As, values are ~50 MPa for Ti-35Nb-5Fe and
~36.7 MPa for Ti-40Nb, confirming the stronger contribution of Fe to
solid solution strengthening due to its smaller atomic radius and higher
strengthening coefficient. The contribution of grain boundary
strengthening to the enhanced strength of Ti-35Nb-5Fe can be evaluated
using the Hall-Petch relationship, as expressed in Eq. (4) [59,60]
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a —_ = A c
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T 400 374 ] Ti-40Nb =
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Fig. 4. Plot demonstrates the (a) Vickers hardness values, (b) compressive stress-strain curve, and (c) strain hardening behavior of the selective laser-melted Ti-35Nb-

5Fe and Ti-40Nb samples.
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where k is the Hall-Petch constant [61] and D is the average grain size.
The estimated grain boundary strengthening contributions are
~135 MPa for Ti-35Nb-5Fe and ~65 MPa for Ti-40Nb. The higher
grain-boundary density in Ti-35 Nb-5Fe more effectively impedes
dislocation motion, contributing to the observed increase in yield
strength. Overall, the enhanced yield strength, compressive strength,
and plastic strain in Ti-35 Nb-5Fe highlight the significant role of Fe
addition in strengthening the alloy. The simultaneous achievement of
high strength, improved ductility, and a reduced elastic modulus dem-
onstrates mitigation of the conventional strength—ductility trade-off and
results in a high strength-to-modulus ratio—an essential attribute for
load-bearing biomedical applications [73,74].

The passivation behavior of the SLM-fabricated Ti-35 Nb-5Fe and Ti-
40 Nb samples was evaluated using PDP, EIS, and Mott-Schottky ana-
lyses in PBS at 37 °C to simulate physiological conditions. The anodic
region of the PDP curves (Fig. 5) shows characteristic active-passive
transitions for both alloys. The corrosion potential (Eyy), corrosion
current density (Icorr), passivation potential (Eyp), and passive current
density (I,) were extracted from the polarization curves and are sum-
marized in Table 1. From the Ecor to Epp, the increase in current density
reflects active dissolution, while the nearly constant current density
beyond Ej, up to 1.5 Vag/agci confirms stable passivation. The slightly
more noble E.,, and lower I, values observed for Ti-35Nb-5Fe
improved corrosion resistance relative to Ti-40 Nb. The similar I,
values for both alloys suggest comparable passive-film stability under
the tested conditions.

To evaluate the polarization resistance of the alloys under open-
circuit potential (OCP) conditions, EIS measurements were performed
after 0.5 h of immersion in PBS at 37 °C, and the corresponding Nyquist
plots are shown in Fig. 6(a). Both Ti-35 Nb-5Fe and Ti-40 Nb exhibit a
single, incomplete semicircular arc, indicating the presence of one
dominant time constant associated with the passive-film response of
these passivating alloys [75-77]. The experimental impedance spectra
were fitted using a modified Randles equivalent circuit, represented as
[Rs(QRp)], where R is the electrolyte resistance, R, is the polarization
resistance of the passive film, and Q is the constant phase accounting for
non-ideal capacitive behavior arising from surface heterogeneity. Cir-
cuit elements enclosed in square brackets are connected in series,
whereas those within parentheses are connected in parallel. The
impedance response is described as [78]:

Z=[Q(w)" " ©)
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Fig. 5. Potentiodynamic polarization curves of the selective laser-melted Ti-
35Nb-5Fe and Ti-40Nb samples in phosphate-buffer saline (PBS) solution
at 37°C.
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Table 1

Table summarizing the potentiodynamic polarization parameters of the selective
laser-melted Ti-40Nb and Ti-35Nb-5Fe samples in phosphate-buffered saline
(PBS) solution at 37°C. E,, denotes the corrosion potential, I, the current
density, Ep, the passivation potential, and I, the passivation current density.

Sample Ecorr (Vag/age)  leorr (A/em®)  Epp (Vagiage) I (pA/em?)

Ti-40Nb -0.29 + 0.03 1.57 + 0.03 0.13 +0.01 73.02 + 0.02

Ti-35Nb-5Fe  -0.24 £ 0.04 1.06 =+ 0.09 0.25 £ 0.02 73.01 £ 0.01
where Q is a proportionality constant with units of Q Ls" nis the

exponent of Q (constant phase element) with values ranging from —1-1
(-1 represents inductance, 0 represents resistance, and 1 represents
capacitance), and j is the imaginary unit that equals v—1 and o is the
angular frequency. The fitted parameters are summarized in Table 2.
The Chi-square (4°) value in the order of 107 indicate excellent
agreement between the experimental and simulated spectra. The n
values of both Ti-35Nb-5Fe (0.95) and Ti-40Nb (0.95) samples after
0.5 h of immersion reflect near-ideal capacitive behavior, suggesting the
formation of uniform passive films. The Ry values are comparable for
both alloys, indicating similar electrolyte resistance. The slightly higher
R, value for Ti-35 Nb-5Fe suggests a more resistive and protective pas-
sive film, consistent with the behavior expected for passivating alloys
[79-81]. The capacitance of the passive film was calculated using Brug’s
Eq. (6) [78],
=R +R;1)" " ®
The calculated capacitance values were found to be similar for both
samples (Table 2). These capacitance values were subsequently
substituted into Eq. (7) [82], which relates the capacitance of the passive
film to its thickness,

_ €8A

€=

)

where ¢, is the vacuum permittivity (8.854 %1071 F/cm), ¢ is the
dielectric constant of the passive oxide film, and d is the passive film
thickness. The dielectric constants of TiO2, NbyOs and Fe;03 are 80, 28,
and 26, respectively [82-84]. The passive films formed on Ti-35 Nb-5Fe
and Ti-40 Nb are expected to consist of mixed oxides of Ti, Nb, and Fe.
Reliable dielectric-constant data for mixed oxides in the Ti-Nb-Fe system
are not available in the literature. As the passive film composition in
both alloys is predominantly Ti-Nb-based oxides, an effective ¢ value of
51 was adopted based on reported literature on Ti-4ONb alloys [85].
Accordingly, the passive-film thickness values were estimated using this
effective dielectric constant and provided in Table 2. Several studies on
Ti-Nb alloys processed through various routes have shown that passive
films formed in aqueous environments are predominantly composed of
TiOy and NbyOs, as confirmed by XPS analyses [85-88]. However,
despite extensive research on Ti-Nb alloys, information regarding the
long-term stability of the passive films formed on Ti-35 Nb-5Fe remains
limited. To address this gap, EIS measurements were performed on the
Ti-35 Nb-5Fe alloy at OCP in PBS at 37 °C for immersion durations
ranging from 1 h to 72 h.

The Nyquist plots obtained at different immersion times are pre-
sented in Fig. 6(b). Similar to the response at 0.5 h, long-term immersion
reveals a single semicircular arc, confirming the persistence of a single
dominant time constant throughout the exposure period. A pronounced
increase in R, is observed from 1 h to 72 h, accompanied by a slight
decrease in capacitance. This reduction in capacitance corresponds to a
modest increase in passive-film thickness, from 1.59 nm to 1.68 nm.
Despite the relatively small change in thickness, the substantial rise in R,
indicates a progressive reduction in charge-carrier mobility and an
improvement in barrier integrity with immersion time [12]. The
continuous increase in R, and the concurrent decrease in capacitance
suggest that passive-film growth follows a logarithmic rate law,
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Fig. 6. (a) Nyquist plots showing the electrochemical impedance spectroscopy response of the selective laser-melted Ti-35 Nb-5Fe and Ti-40 Nb samples after 0.5 h
of immersion, and (b) Nyquist plots of the Ti-35 Nb-5Fe sample after long-term immersion at various exposure times in phosphate-buffered saline (PBS) at 37 °C.

Table 2

Equivalent electric circuit fitted values of selective laser-melted Ti-40Nb and Ti-35Nb-5Fe samples with respect to different immersion times in phosphate-buffer saline

solution at 37°C.

Sample Immersion time (h) Rs Y, (uﬂ’].s”‘cm’z) n (no unit) Rp (MQ.cm?) C (pF/sz) d (nm)
(Q.cmz)
Ti-40Nb 0.5 14.47 £ 0.94 4132+ 0.76 0.95 + 0.01 0.15 £ 0.19 28.11 + 0.60 1.59 + 0.01
Ti-35Nb-5Fe 0.5 14.52 £ 0.71 40.66 = 0.56 0.95 + 0.01 0.17 £0.24 27.79 + 0.50 1.68 + 0.02
1 15.49 + 0.54 39.05 + 0.48 0.94 + 0.02 0.18 +0.12 24.47 +£0.37 1.84 + 0.02
24 16.56 + 0.50 35.83 £ 0.36 0.94 £ 0.01 0.44 £0.16 22.75 + 0.37 1.98 + 0.01
48 12.51 + 0.44 30.46 + 0.31 0.94 + 0.07 2.33+1.42 17.89 + 0.72 2.45 +0.02
72 11.57 + 1.24 35.29 + 0.78 0.92 + 0.01 9.06 + 5.93 17.48 + 2.63 2.65 £ 0.01
characteristic of diffusion-controlled thickening under confirms that oxygen vacancies and metal interstitials act as dominant

constant-potential conditions [85]. After 72 h, the high R, value and
reduced capacitance confirm the formation of a dense and stable passive
film on the Ti-35 Nb-5Fe alloy (Fig.7).

To further elucidate the electronic properties of the passive films
formed on both alloys in PBS at 37 °C, Mott-Schottky analysis was
performed at a frequency of 1 kHz, and the corresponding results are
shown in Fig. 8. The 1/C? versus potential plots exhibit linear regions
with positive slopes in the potential ranges of —0.2-0.8 Vag/agci for Ti-
35 Nb-5Fe and —1.1-0.3 Vag/agc for Ti-40 Nb, indicating n-type semi-
conducting behavior of the passive films on both alloys. This behavior
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Fig. 7. Mott-Schottky measurements of the selective laser-melted Ti-35Nb-5Fe
and Ti-40Nb samples in phosphate-buffer saline (PBS) solution at 37°C.

donor defects governing electronic transport through the passive layer.
The donor density (Np) was calculated from the slope of the linear region
of the Mott-Schottky plot using Eq. (8) [82],

2 kT
2 = E—Egp——
¢ eeoeNp < e

where ¢ and ¢, are the dielectric constants of the passive film and vac-
uum, respectively, e is the electronic charge, and Ep, is the flat-band
potential, measured as —1.05 Vag/agci for Ti-35 Nb-5Fe and —0.26
Vag/agcl for Ti-40 Nb. The Np values calculated using Eq. (8) were
3.1 x 10*' ecm™ for Ti-35 Nb-5Fe and 4.7 x 10%' cm™ for Ti-40 Nb, both
falling within the typical range reported for passive Ti-based alloys [89].
The lower Np value of Ti-35 Nb-5Fe indicates a reduced defect con-
centration, consistent with its higher R,, whereas the higher Np of
Ti-40 Nb suggests the formation of a more defect-rich passive layer.

Based on the point defect model (PDM), passive-film formation and
growth occur through the generation, migration, and annihilation of
point defects within the oxide layer [90]. The sequence of interfacial
reactions governing these processes at the metal/film and film/solution
interfaces is described by reactions (9—13) occurring at the metal/film
and the film/solution interfaces [90]. A schematic representation of the
PDM framework is shown in Fig. 8. The defect notation follows
Kroger-Vink conventions, where m represents the metal atoms (Ti, Nb,
and Fe) in the sample, and My represents the metal ions. V; represents
the cation vacancy site in the passive film, V; and O, denotes the oxygen
vacancy and oxygen ions, and e~ denotes the electrons.

[©)]

m->My + EV’ +xe”

7V ©
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Fig. 8. Schematic representation of the point defect model illustrating passive-film growth on the selective laser-melted Ti-35 Nb-5Fe and Ti-40 Nb samples in

phosphate-buffered saline (PBS) at 37 °C.
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At the onset of anodic polarization, metal atoms from the substrate
oxidize and migrate into the passive film (reaction 9). Each oxidation
event generates oxygen vacancies (Vg), producing some oxygen-
deficient Ti-Nb-based passive layer that exhibits n-type semi-
conducting behavior due to donor-type defects [88]. Simultaneously,
portions of the lattice reorganize as metal atoms occupy pre-existing
cation vacancies (reaction 10), reinforcing the metal/film interface
and initiating film densification. Under higher anodic potentials, partial
dissolution of metal cations occurs at the film/solution interface (reac-
tion 11), generating additional cation vacancies and establishing the
steady state film thickness. Concurrently, water molecules react with
oxygen vacancies (reaction 12), contributing to vacancy annihilation
and promoting self-healing of the passive layer [91]. The overall
dissolution process is represented by reaction 13, which becomes sig-
nificant only under extreme anodic conditions. In the Ti-40 Nb alloy,
passive-film growth is primarily governed by defect generation and
cation transport as described by reactions (9) and (10), leading to the
formation of oxygen vacancies and cation interstitials. These donor-type
defects enhance electronic conductivity, consistent with the higher Np
value (4.7 x 10?' ecm™) obtained from the Mott-Schottky analysis.
During oxidation, Nb forms Nb°* and incorporates into the Ti*t lattice,
modifying the oxide structure and dielectric response but not fully
suppressing oxygen-vacancy formation. In contrast, the addition of Fe to
the Ti-Nb system significantly alters the defect chemistry [89]. Fe oxi-
dizes to Fe>" species and substitutes for Ti** sites in the oxide lattice,
which it interacts with oxygen vacancies according to reaction (14),
resulting in charge compensation.

Fe; + Vg—Fer; + O, (14

This substitution effectively neutralizes oxygen vacancies and re-
duces the concentration of donor-type defects, resulting in a lower Np
value (3.1 x 10* cm™) and enhanced passive-film resistivity. The
incorporation of Fe® * also promotes the formation of a mixed Ti-Nb-Fe
oxide layer that is richer in oxygen and structurally more compact.
Consequently, the combined effects of Nb**, which strengthens the oxide
framework and Fe®*, which compensates donor defects lead to the
development of a dense and stable passive film. To further verify the role
of Fe in the passive layer, XPS analysis was performed on the Ti-35 Nb-
5Fe sample.

The passivation behavior of the Ti-35 Nb-5Fe alloy was examined by
analyzing the surface in the as-polished condition (air-formed native

film) and after 72 h of immersion in PBS at 37 °C (electrochemically
formed passive film). The XPS high-resolution spectra of Ti 2p, Nb 3d,
and Fe 2p for both the native and passive films at different sputtering
depths are presented in Fig. 9(a-f). The Ti 2p spectra for both conditions
display the characteristic Ti 2p3/2 and Ti 2p; 2 doublet. Metallic Ti ap-
pears at ~454.6 eV, while oxide states corresponding to TiO, TiO3, and
TiO2 occur at higher binding energies, with TiO, identified near 459 eV
and 465 eV. The native film contains both metallic and oxidized Ti, Nb,
and Fe species, with oxides being predominant. After 72 h of immersion,
the passive film shows a strong dominance of TiO,, and metallic Ti is
absent at the outermost surface (0 s sputtering). The Nb 3d spectra
exhibit Nb 3ds/2 and Nb 3ds,» peaks corresponding to metallic Nb at
~202 eV and 205 eV. Oxidized Nb species NbO, NbO,, and NbyOs
appear at progressively higher binding energies, with Nb,Os observed
near 207 eV and 210 eV. In the native film, both metallic and oxidized
Nb are present, whereas the passive film after 72 h shows a pronounced
enrichment of Nb,Os at the surface. With increasing sputtering time, the
oxide signal decreases and the metallic Nb contribution increases,
indicating the transition from the oxide layer to the oxide/metal inter-
face. The Fe 2p spectra show metallic Fe at ~706 eV and oxide states
corresponding to FeO and Fe,Oj3 at higher binding energies, with Fe;O3
identified near 710 eV and satellite features above 718 eV. In both the
native and passive films, Fe is predominantly present in its oxidized form
at the surface.

The presence of Fe;O3 across all sputtering depths in the passive film
confirms the participation of Fe into the oxide layer. Further, the Ti 2p
and Nb 3d spectra show metallic species appear only at the sputtering
time of 60 s, indicating the oxide/metal interface of the passive film.
Using a sputtering rate of 0.05 nm/s, the passive film thickness is esti-
mated to be ~3 nm. Previous studies on the passivation behavior of Ti-
based alloys in various electrolytes like NaCl, SBF, and PBS have re-
ported a similar passive film thicknesses (in the range of ~1-6 nm)
[92-97]. As described by the PDM, passive-film formation results from
the inward diffusion of oxygen anions and the outward migration of Ti*,
Nb®*, and Fe® * cations. The compositional distribution within the film is
governed by the migration kinetics of these cations, their thermody-
namic affinity for oxygen, and the stability of the corresponding oxides
under physiological conditions. The enrichment of TiO2 and Nb2Os,
together with the incorporation of Fez0s, contributes to the enhanced
protective characteristics of the passive film formed on the Ti-35 Nb-5Fe
alloy.

4. Conclusion
The following conclusions can be drawn from the present study:

1. Selective laser melting of Ti-35 Nb-5Fe from elemental powders
produced a fully p-phase microstructure, demonstrating that the
addition of 5 wt% Fe is highly effective in stabilizing the  phase. In
addition, Fe enhances the solute-driven undercooling offering
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Fig. 9. High-resolution X-ray photoelectron spectroscopy spectra of the selective laser-melted Ti-35 Nb-5Fe sample showing (a-c) the passive film measured at
different sputtering times after 72 h of immersion and (d-f) the native film, both in phosphate-buffered saline (PBS) at 37 °C.

heterogeneous nucleation sites, promoting significant grain refine-
ment to ~11 pm.

. The combined effects of Fe-induced grain refinement, suppression of
o-martensite, and lattice strain arising from atomic-size mismatch
resulted in improved hardness, compressive strength, and plasticity,
while maintaining a reduced elastic modulus.

. The SLM Ti-35 Nb-5Fe alloy exhibits superior passivation behavior
compared to Ti-40 Nb, as evidenced by its higher polarization
resistance, lower capacitance, and thicker passive film during long-
term immersion in PBS at 37 °C. Mott-Schottky analysis confirms
n-type semiconducting behavior for both alloys, with donor densities
falling within the expected range for passive Ti-based oxides. The
significantly lower donor density of Ti-35 Nb-5Fe (1.9 x 10*' cm™)
indicates a reduced defect concentration and enhanced electronic
resistance of its passive layer.

. Point defect model interpretation reveals that Fe incorporation
fundamentally alters defect chemistry, where Fe® * substitution for
Ti** compensates oxygen vacancies and suppresses donor-type de-
fects. This mechanism contributes directly to the improved barrier
properties of the Ti-35 Nb-5Fe passive film.

. XPS depth profiling demonstrates that the passive film on Ti-35 Nb-
5Fe is enriched in TiO2 and Nb20s, with Fe20s uniformly incorpo-
rated throughout the oxide, forming a compact, oxygen-rich mixed-
oxide layer. The measured passive-film thickness (~3 nm) aligns
closely with EIS-derived values, validating the electrochemical
analysis. The combined effects of Nb°*-induced structural stabiliza-
tion and Fe® *-mediated defect compensation produce a dense, stable,
and protective passive film, positioning Ti-35 Nb-5Fe as a promising
candidate for biomedical applications requiring long-term corrosion
resistance in physiological environments.

Overall, the findings establish SLM-fabricated Ti-35 Nb-5Fe exhibits
promising grain refinement and enhanced electrochemical stability. In
the present study, our primary focus is on mechanical properties,

microstructural characterization, and corrosion behavior. In future
work, we plan to extend this investigation to in vitro studies, such as
biocompatibility and cell-material interactions, to further evaluate its
potential for biomedical applications.
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