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Introduction

The demand for orthopedic implants continues to increase due to population aging,
trauma, and degenerative bone disorders. Load-bearing implants must provide sufficient
mechanical strength, long-term stability, and biological compatibility to restore
physiological function. Metallic biomaterials remain the primary choice because of their
superior mechanical reliability and fracture resistance. Among them, Ti-6Al-4V (Ti64) is
extensively used owing to its high strength, corrosion resistance, fatigue performance,
and clinical reliability [1].

Despite these advantages, dense Ti64 implants exhibit limitations that affect long-
term clinical performance. The elastic modulus of Ti64 (~110 GPa) is significantly higher
than that of cortical bone (10-30 GPa). This mismatch alters physiological load transfer
and results in stress shielding, where the implant carries a greater proportion of the
applied load. Reduced mechanical stimulus at the bone-implant interface suppresses
bone remodeling and initiates bone resorption, which may ultimately lead to implant
loosening and failure [1,2]. In addition, Ti64 is biologically inert and nondegradable, and
its permanent presence may lead to long-term complications or revision surgeries,
increasing patient risk and healthcare costs.

To improve mechanical compatibility, porous titanium (Ti) structures have been
developed to reduce effective stiffness and promote osseointegration. Additive
manufacturing (AM), particularly selective laser melting (SLM), enables the fabrication of
controlled lattice architectures with tailored mechanical properties and interconnected
porosity [3]. However, increasing porosity reduces the load-bearing cross-section and
may compromise strength and fatigue resistance under physiological loading.
Furthermore, porous Ti structures remain permanent and do not provide functional
adaptability during the healing process.

Biodegradable metals have been investigated as an alternative strategy to eliminate
long-term material retention. Magnesium (Mg), iron (Fe), and zinc (Zn) are the principal
biodegradable metallic systems studied for biomedical applications. Mg exhibits rapid
corrosion and hydrogen evolution, which can cause premature mechanical failure [4]. Fe
degrades very slowly and may remain in the body for extended periods. Zn has attracted
significant attention due to its moderate degradation rate and essential physiological
role in bone metabolism, but its relatively low mechanical strength limits its use in load-
bearing applications [5].

These limitations indicate that neither permanent Ti implants nor fully biodegradable
metals alone can simultaneously provide long-term structural integrity and controlled
biological adaptation. This challenge has led to growing interest in hybrid systems that
integrate a stable load-bearing phase with a degradable phase. Interpenetrating phase
composites (IPCs) and metallic multimaterials (MMMs) represent such an approach,
where at least one phase remains topologically continuous to maintain structural
stability while the secondary phase provides functional degradation [6,7]. Bioinspired
natural materials such as bone and nacre demonstrate how multi-phase architectures
achieve optimized stiffness, toughness, and functional adaptability [8].

Several studies have explored metal-metal IPCs for biomedical applications, including
Mg-Ti and Zn-Ti systems produced through infiltration or hybrid processing routes [8].
These studies demonstrate the potential of combining a permanent scaffold with a
degradable phase to achieve progressive porosity and enhanced bone integration.
However, significant challenges remain. Differences in melting temperature, thermal
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expansion, and chemical reactivity between dissimilar metals often result in poor
interfacial bonding, residual stresses, or the formation of brittle intermetallic phases. In
addition, systematic studies linking processing routes with microstructure, mechanical
performance, and degradation behavior in load-bearing Ti-based composite systems
remain limited.

Hybrid manufacturing approaches that combine AM with powder metallurgy (PM) can
provide a promising solution to these challenges. SLM enables the fabrication of complex
Ti scaffolds with precise control over geometry and porosity, while powder consolidation
techniques such as spark plasma sintering (SPS) allow rapid densification of secondary
metallic phases with minimal thermal exposure and reduced interfacial reactions [9]. This
integrated AM-PM route enables the fabrication of IPC-like architectures that cannot be
achieved through conventional casting or single-process AM.

Based on the current state of research, a critical gap exists in the development of
bioinspired, load-bearing, partially biodegradable Ti-based multimaterial systems
fabricated through hybrid AM-PM processing. In particular, the feasibility of combining
an SLM-fabricated Ti64 scaffold with a Zn phase to achieve desired mechanical
performance and controlled degradation behavior has not been systematically
established. Moreover, baseline studies on individual constituent materials processed by
SLM and SPS are necessary to understand their processing-structure-property
relationships before developing a hybrid system.

The goal of this thesis is to develop a bioinspired, partially biodegradable Ti64-Zn
metallic bi-metal composite (MBMC) that provides long-term mechanical stability while
enabling controlled degradation to support bone regeneration. It is hypothesized that a
porous Ti64 architecture fabricated by SLM will act as a continuous load-bearing
framework with reduced effective stiffness, thereby minimizing stress shielding. The
incorporation of Zn using SPS is expected to introduce a degradable phase that gradually
resorbs, creating additional space for bone ingrowth without compromising the
structural integrity of the Ti64 scaffold.

To achieve this goal, the thesis is structured around a systematic workflow. First, bone
physiology, implant functional requirements and their different possible manufacturing
routes are reviewed. Second, Ti64 fabricated by SLM and SPS is comparatively evaluated
to establish processing-structure-property relationships relevant to implant frameworks
and to understand its high-temperature behavior during consolidation. Third,
commercially pure Zn processed by SPS is compared with as-cast Zn to establish its
microstructural characteristics, mechanical response, and degradation behavior under
physiological conditions. Fourth, the feasibility of metallic multimaterials is investigated
using SLM-fabricated lattices filled with secondary metal powders and consolidated by
SPS, establishing a general hybrid manufacturing platform. Finally, these insights are
integrated to develop the central system of the thesis, namely a Ti64-Zn MBMLC.

The methodology combines hybrid manufacturing with multiscale characterization.
SLM is used to fabricate architected Ti64 scaffolds, followed by SPS consolidation of Zn
within the structure. The developed systems are evaluated through phase analysis,
microstructural characterization, three-dimensional imaging, mechanical testing,
electrochemical and immersion-based degradation studies, and biological assessment.
This integrated approach enables the establishment of processing-structure-property-
function relationships for bioinspired multimaterial systems.

The novelty of this thesis lies in the development of a bioinspired Ti64-Zn MBMC using
a hybrid SLM-SPS route to achieve partial biodegradability in a load-bearing implant

13



system. The study demonstrates a design strategy that bridges the gap between
permanent Ti implants and fully biodegradable metals by combining a bio-inspired Ti64
framework with a controlled degradable Zn phase. This approach enables independent
control of architecture, mechanical compatibility, and degradation behavior within a
single implant system and provides a new pathway for the design of next-generation
multifunctional orthopedic implants.

The chapters of this thesis are arranged as follows: Chapter 1 presents a
comprehensive literature review on bone physiology, implant requirements,
biodegradable metals, and advanced manufacturing techniques for the development of
reliable implants. Chapter 2 describes the materials selection, hybrid manufacturing
routes (SLM and SPS), and experimental methodologies employed for structural,
mechanical, corrosion, and biological evaluations. Chapter 3 comparatively investigates
Ti64 fabricated via SLM and SPS processes. It highlights the influence of processing routes
on the microstructure, mechanical, and in-vitro biological properties. Chapter 4
evaluates SPS-fabricated Zn against conventionally as-cast Zn. Material properties like
microstructural, mechanical and degradation behaviour and biocompatibility were
analyzed. Chapter 5 presents the development of a novel Ti64-Zn MBMC. The mechanical
integrity, corrosion and biodegradation behavior under physiological conditions, and
cytocompatibility are assessed for implant applications. Finally, Chapter 6 presents the
conclusions and possible future work of this research.
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Abbreviations

AM
AZ31

AZ91

ASTM
BCC

BJT

BOR
BSE
CAD
CAM

CE

CoF
CoCrMo
CoCr20Ni15Mo7

Cp-Ti
CR
CYS
DAPI
DED
Ecorr
Epp
Epp
EBM
EBSD
EDS
EIS
FBS
FCC
Fe20Mn

GNDs
HAp
HCP
HAGBs

|corr

IPC

Additive manufacturing

Magnesium alloy containing approximately 3 wt.%
aluminum and 1 wt.% Zinc

Magnesium alloy containing approximately 9 wt.%
aluminum and 1 wt.% Zinc

American society for testing and materials

Body centered cubic

Binder jetting

Burger’s orientation relationship
Back-scattered electron
Computer-aided design
Computer-aided manufacturing
Conformité Européenne

Coefficient of friction

Cobalt chromium molybdenum alloy

Cobalt-based alloy containing approximately 20 wt.% Cr,
15 wt.% Ni, and 7 wt.% Mo
Commercial pure titanium

Corrosion rate

Compressive yield strength

4’ 6-diamidino-2-phenylindole
Direct energy deposition
Corrosion potential

Breakdown potential
Passivation potential

Electron beam melting
Electron backscatter diffraction
Energy dispersive spectroscopy
Electrochemical impedance spectroscopy
Fetal bovine serum

Face centered cubic

Iron-based alloy containing approximately 20 wt.%
manganese
Geometrically necessary dislocations

Hydroxyapatite

Hexagonal closed packing
High-angle grain boundaries
Corrosion current density
Passivation current density
Interpenetrating phase composites
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IPF

KAM
LAGBs
LDED
LENS
LPBF
MEM
MBMC
MMMs
NS
ocCp
oD
oM
PBS
PCL
PDP
PEEK
PL-SPS
PLA
PLGA
PM
RGR
RP
SADP
SBF
SCE

SE
SEM
SLM
SMAT
SPS

SS
316LSS
TPMS
TEM
Ti6Al4V

Ti6Al4V ELI
Ti6AI7Nb

Inverse pole figure

Image quality

Kernel average misorientation

Low-angle grain boundaries

Laser-directed energy deposition
Laser-engineered net shaping

Laser powder bed fusion

Minimum essential medium

Metallic bimetal composite

Metallic multimaterials

Non-significant

Open circuit potential

Optical density

Optical microscopy

Phosphate buffered saline
Poly(e-caprolactone), biodegradable polymer
Potentiodynamic polarization
Polyetheretherketone

Pressure less spark plasma sintering
Polylactic acid, biodegradable polymer
Poly(lactic-co-glycolic acid), biodegradable polymer
Powder metallurgy

Relative growth rate

Rapid prototyping

Selected area diffraction pattern

Simulated body fluid

Standard calomel electrode

Secondary electron

Scanning electron microscopy

Selective laser melting

Surface mechanical attrition treatment
Spark plasma sintering

Stainless steel

Austenitic stainless steel 316L (low carbon)
Triply periodic minimal surfaces
Transmission electron microscopy
Titanium alloy containing 6 wt.% aluminum and 4 wt.%
vanadium

Extra-Low Interstitial grade of Ti6AI4V alloy
Titanium alloy containing 6 wt.% aluminum and 7 wt.%
niobium
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Ti5AI2.5Fe

Ti13Nb13zr

Til2Mo6Zr2Fe

Ti35Nb7Zr5Ta

Ti29Nb13Ta4.6Zr

Ti35Nb5Ta7Zr
Til5Mo5Zr3Al
TiMo

TYS

ucs
UHMWPE
uTsS

WST

XRD

YS
u-CT/CT
Oy

ZnAlCu

Titanium alloy containing 5 wt.% aluminum and 2.5 wt.%
iron

Titanium alloy containing 13 wt.% niobium and 13 wt.%
zirconium

Titanium alloy containing 12 wt.% molybdenum, 6 wt.%
zirconium, and 2 wt.% iron

Titanium alloy containing 35 wt.% niobium, 7 wt.%
zirconium, and 5 wt.% tantalum

Titanium alloy containing 29 wt.% niobium, 13 wt.%
tantalum, and 4.6 wt.% zirconium

Titanium alloy containing 35 wt.% niobium, 5 wt.%
tantalum, 7 wt.%

Titanium alloy containing 15 wt.% molybdenum, 5 wt.%
zirconium, and 3 wt.% aluminum

Titanium molybdenum alloy system (B-type titanium alloy
depending on Mo content)

Tensile yield strength

Ultimate compressive strength

Ultra-high molecular weight polyethylene

Ultimate tensile strength

Water soluble tetrazolium

X-ray diffraction

Yield strength

Micro computed tomography/ computed tomography
Yield strength of the materials.

Zinc, aluminum, copper alloy
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Terms

Bio-implant
Biomaterials
Bioactivity
Biodegradation
Bioinert
Bioresorbable
Dislocation

Ca/P

CE approval

Elastic modulus

Gyroid

In-vitro

In-vivo

MC3T3-E1 pre-

osteoblast cells

Osseointegration

Patient-specific

implant

Stiffness

Torsional loading

Triply periodic
minimal surface

A bio-implant is a biocompatible material designed to replace,
support, or restore the function of damaged biological tissues or
organs within the body.

Materials used for bio-implant applications

The ability of a material to interact with biological tissues, often
promoting healing or tissue regeneration.

The natural breakdown of materials by biological agents,
enabling safe absorption or removal from the body.

Materials that remain stable and non-reactive in the body,
avoiding any interaction with surrounding tissues.

Materials that dissolve in a controlled manner, providing the
therapeutic agent (e.g., Ca*?, PO43) during degradation.

A linear crystalline defect around which there is atomic
misalignment.

It refers to the calcium-to-phosphorus atomic ratio, commonly
used to evaluate the composition and quality of calcium
phosphate or hydroxyapatite layers in biomaterials.

CE approval indicates that a product meets the European Union’s
safety, health, and environmental protection standards.

It is a measure of a material’s stiffness, defined as the ratio of
stress to strain within the elastic (reversible deformation) region
of the stress—strain curve.

It is a triply periodic minimal surface with a complex, continuous
3D structure that provides a high strength-to-weight ratio and
interconnected porosity.

It refers to experiments conducted outside a living organism,
typically in controlled environments such as test tubes, petri
dishes, or culture media.

It refers to experiments performed within a living organism, such
as animal models or human subjects, to study biological
responses in real physiological conditions.

These are mouse-derived cell lines commonly used in bone
biology research, which can proliferate and differentiate into
osteoblasts under appropriate conditions.

The direct bonding between living bone and an implant, creating
a stable and lasting connection.

These are medical implants custom-designed and manufactured
to match the unique anatomy of an individual patient.

Stiffness is the resistance of a material or structure to
deformation when a force is applied.

It is a type of mechanical load in which a twisting force (torque)
is applied to an object around its longitudinal axis, causing it to
rotate or twist.

It is a mathematically defined 3D surface that repeats
periodically along three axes and has zero mean curvature,

18



creating smooth, continuous, and porous structures ideal for
lightweight and biomimetic designs.

Widmanstéatten It is a distinctive interlocking microstructural pattern found in
structure titanium.
0.7 Th It refers to 0.7 times the melting temperature of a metal.
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1 Literature review

The literature review forms a critical foundation of this thesis by synthesizing existing
knowledge and positioning the present work within the broader scientific context. It
encompasses a comprehensive overview of prior studies on Ti and its alloys, advanced
manufacturing techniques such as SLM and SPS, the development of biodegradable
systems, and emerging concepts of metallic multimaterials. In addition, special emphasis
is placed on bone metabolism and its interaction with implant materials, as this
understanding is essential for evaluating the biological relevance of the developed
systems. By analyzing these contributions, the review not only highlights the progress
made in the field but also justifies the necessity and novelty of the current investigation.

1.1 Bone metabolism

Understanding bone metabolism is crucial for designing implants because it governs how
bone tissue grows, remodels, and responds to foreign materials. Bone is a dynamic tissue
that continuously undergoes formation and resorption, and any imbalance in this cycle
can lead to implant failure. An implant material must not only provide mechanical
support but also interact favorably with the surrounding bone environment to promote
osseointegration, minimize adverse immune responses, and, in the case of
biodegradable systems, degrade in accordance with new bone formation. Without
considering bone metabolism, implants risk causing poor integration, excessive bone
loss, or a mismatch between degradation rate and tissue regeneration. Bone is a hard,
living tissue that supports the body under mechanical loads and protects the vital organs
within the human body [10,11]. To understand bone metabolism, it is necessary to grasp
bone physiology and its mechanical properties. The different structural levels of bone are
shown in Figure 1.1, illustrating that the bone tissue comprises collagen fibers at the
nanoscale.

Haversian Concentric
(a) Cancellous Cortical bone canal \\‘ lamellag—__
Osteons 1 , -8
// \\\ i “,.,‘ g
v,
100-500 pm B &
. v Endosteum (internal Periosteum  Blood vessels Osteocyte
.\'_‘“‘_f,/‘surfaccslcavilies) and nerves i lacuma
Bone marrow
(b) Coll fibril - Collagen fiber

Hydroxyapatite Collagen -

i t|\ triple heli { 1nm
crystals ripie helix /

e,
7 R gt e
¥ o
>

A

‘35-60 nm |

67 nm

Figure 1.1. Bone showing a hierarchical structure spanning multiple length scales (a) a
macro-to-microscopic view of cancellous and cortical bones, (b) a nanoscale view of bone
tissue comprising collagen fibers with mineral components. Reproduced with permission
from [13].
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1.1.1 Bone physiology
At the microscopic scale, bone can be categorized into two types according to the
organization of its fibers: woven bone and lamellar bone [11]. Woven bones are regarded as
an immature form of bone tissue and generally exhibit a mineral grain size in the range of 10-
15 nm. This type of bone is characterized by coarse collagen fibers that are randomly
distributed throughout the structure. Consequently, the nonuniform orientation of collagen
fibers gives rise to the direction-independent mechanical behavior observed in woven bone
[11]. Similarly, lamellar bone represents another form of bone structure that can be identified
at the microscopic scale. In contrast to woven bone, it is composed of a mineralized matrix
primarily consisting of hydroxyapatite (HAp) with the chemical formula Cai19(PO4)s(OH).. In
the human femur, HAp crystals are typically observed to be approximately 20-80 nm in length
and 2-5 nm in thickness. As the name suggests, lamellar bone is arranged in well-defined
layers, with collagen fibers oriented along the principal stress directions, which gives rise to
anisotropic mechanical behavior. Furthermore, based on their structural organization, both
woven and lamellar bones are classified into trabecular and cortical bone types [11].
Trabecular bones are highly porous, having 50-90% porosity and large pores up to several
millimeters in diameter. Therefore, these bones are also known as spongy bones or
cancellous bones. The trabecular bone bears compressive forces under physiological loading
conditions [11]. The distal end radius is an example of a trabecular bone. Similarly, cortical
bones are less porous and possess small pores of up to 1 mm in diameter. Therefore, it is also
known as compact bone, contributing to 80% of the weight of the human skeleton. It is
harder, stronger, and stiffer than trabecular bone due to less porosity. The humerus and
femur are examples of cortical bone [11,12].
Bone is mainly composed of approximately 70% inorganic constituents, 20% organic matter,
and 10% water. The inorganic phase is mainly crystalline HAp, while approximately 90% of
the organic fraction consists of Type | collagen, with the remaining 10% comprising non-
collagenous proteins, lipids, and other macromolecules [11].

1.1.2 Types of cells in the bone

Bones comprise four types of cells: osteoblasts, osteoclasts, osteocytes, and osteogenic cells.
Figure 1.2 provides a schematic diagram of these cell types. Osteoblast cells are also known
as bone-forming cells because they synthesize new bone. Osteocytes are fully differentiated
bone cells derived from osteoblasts. Osteoclasts are bone-resorbing cells responsible for
bone remodeling and calcium regulation. Osteoprogenitor cells, also known as osteogenic
cells, are stem cells found in bone tissue that play a vital role in bone formation and
regeneration. Located within the bone marrow, they serve as precursors to more specialized
bone cells, including osteoblasts and osteocytes [11,14].

1.1.3 Mechanical properties of bone

The primary function of bone is to provide structural support under mechanical loading and
to protect vital organs. Wolff's law of bone remodeling (1892) states that mechanical load
can affect bone architecture [15-17] and hence promote bone remodeling and fracture
healing [18]. In cases of trauma or diseased biological structures, implants often replace the
affected organ. Thus, essential properties including Young’s modulus, fracture toughness,
hardness, yield strength, ultimate tensile strength, stiffness, ductility, time-dependent
deformation, and creep should be considered while designing implants. Table 1.1 lists the
mechanical properties of human bone and common materials used for orthopedic implant
applications.
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Figure 1.2. Schematic representation of the classification of the four types of bone cells.
Reproduced with permission from [14].

Table 1.1. Physical and mechanical properties of metallic, ceramic, and polymeric
biomaterials, where p-Density in g/cm3, E-Young’s modulus in GPa, YS-Yield strength in
MPa, UTS-Ultimate tensile strength in MPa, UCS-Ultimate compressive strength in MPa,
and FS-Fatigue strength in MPa, 107 cycles.

Materials | o | E | vs uTsS ucs FS | Ref.
Natural bone
Cortical bone 1.8- 7-30 - 164- 100- 27-35 | [19]
2.0 240 230
Cancellous bone 1.0- 0.01- - - 2-12 -
1.4 3.0
Metals and alloys
Ti6AI4V (cast) 4.43 114 760- 895- - 600- | [19]
880 930 700
Ti6Al4V (wrought) 4.43 114 827- 860- 896- 500-
1103 965 1172 800
Ti6AlI7Nb 4.52 105 880 900 - - [1]
316L SS 8.0 193 170- 540- 480- 240- [19]

310 1000 620 480

Fe20Mn 7.73 | 207 420 700 - - [20]
ZnAlCu 5.79 90 171 210 - - [19]
CoCrMo 8.3 240 500- 900- - 500-
1500 1540 900
CoCr20Ni15Mo7 7.8 195- 240- 450- - -
230 450 960
Pure Mg (cast) 1.74 41 21 87 40 -
Pure Mg (wrought) 1.74 41 100 180 100- -
140
AZ31 (Mg-based 1.78 45 185 263 - -
alloy)
AZ91 (Mg-based 1.81 45 160 150 - -
alloy)
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1.2 Materials used for orthopedic implant applications: advantages and
disadvantages

Metals, polymers, and ceramics are commonly used for implants; therefore, this section
includes a brief discussion of these materials. The selection of suitable material depends
on the application. Table 1.2 summarizes the advantages, disadvantages, and
applications of different materials used as implants.

Ceramics are inorganic oxides of non-metals known for their excellent corrosion
resistance, biocompatibility, and in some cases bioactivity. They are composed primarily
of ionic bonds with some covalent character, making them brittle with low fracture
toughness and a high elastic modulus. There are two main types of bio-ceramics: bioinert
ceramics, such as zirconia, possess excellent chemical inertness, enabling their
application in biomedical fields [21]. Bioresorbable ceramics, like HAp and B-tricalcium
phosphate, are designed to gradually dissolve and be replaced by natural bone [22-24].
However, owing to their inferior mechanical strength, monolithic ceramics are not
suitable for load-bearing applications in long bones, as they are prone to failure under
mechanical loading. Nevertheless, ceramics are effectively utilized in bone filler
applications and in the field of dentistry [25,26].

Polymers are organic oxides of non-metals; they can be used as an implant material
in low-load-bearing fracture sites. Polymers have emerged as promising materials for
orthopedic use due to their mechanical properties, which are comparable to those of
trabecular bone, and their biodegradability has further heightened interest in their
application [27]. Polymer like ultra-high molecular weight polyethylene (UHMWPE) owns
properties like high impact strength, low friction coefficient, and low density. However,
the application of UHMWPE is limited due to long-term radicals in the bulk resulting from
the ionizing radiation employed in the sterilization process. Natural polysaccharide
polymers like starch, cellulose, and alginate are also used in biomedical applications
[25,27]. The main problem associated with the use of polymers in orthopedic
applications is the overproduction of wear debris, which leads to inflammatory reactions
between adjacent tissue and implant. This adverse tissue reaction causes osteolysis,
bone resorption, and implant failure [28].

Metals and their alloys are preferred over ceramics and polymers for implant
applications due to their excellent mechanical properties and biocompatibility [29].
Commonly used metals include Ti and its alloys, medical-grade SS, Co-Cr, and Mg alloys.
However, these metals may contain elements such as Co, Cr, Al, Cu, V, and Ni, classified
as allergenic. Elements like Ni, Co, and Cr are released from 316L SS and Co-Cr alloy due
to corrosion in the physiological environment [30-33]. The toxicity of Ni causes skin-
related diseases like dermatitis, and the release of Co causes carcinogenicity [1,32,33].
Young’s modulus of 316L SS and Co-Cr alloy is much higher than that of natural bone,
causing nonuniform load transfer between bone and implant, leading to bone resorption
and implant loosening.

However, due to the low cost of 316L SS compared to all other metallic alloys, 316L SS
has maintained its demand in fixation devices like bone plates, bone screws, etc. Mg and
its alloys, due to their biodegradability and potential for avoiding revision surgery, have
increased the attention of the general orthopedic community for surgical fixation of
injured musculoskeletal tissue [34-36]. It is believed that when Mg-based alloys are
introduced in a biological environment, it degrades to Mg chloride, oxide, sulfate, or
phosphate, and these ions do not cause any adverse effect on local tissues [37,38].
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Despite many advantages, there are certain limitations to using Mg-based alloys. The
high corrosion rate of Mg-based alloys is one of the major problems [39]. Corrosion
causes the evolution of hydrogen gas, which creates the balloon effect in-vivo [40]. Due
to the high corrosion rate, the pH value of the surrounding surface also increases [41].

Table 1.2. Table furnishing a comprehensive list of biomaterials along with their

advantages, disadvantages, and applications [42].

Materials Advantages Disadvantages Applications
316LSS Widely available and | High elastic | Bone plates, bone
cost-effective, with | modulus, screws, pins, wires,
excellent mechanical | inadequate etc.
properties, and | resistance to
biocompatible corrosion, low wear
resistance, potential
to trigger allergic
reactions with
surrounding tissues,
stress shielding,
which can lead to
bone resorption
Co-Cr alloy Excellent resistance | High cost, limited | Shorter-term
to corrosion, fatigue, | machinability, implants, bone
and  wear, high | induction of stress | plates and wires,
mechanical strength, | shielding, and | total hip
and sustained | potential biological | replacements,
biocompatibility over | toxicity from the | stem or hard-on-
the long term release of Co, Cr, | hard bearing
and Ni ions system
Mg alloy Biocompatible, Hydrogen evolution, | Bone screws, bone
biodegradable, during degradation, | plates, bone pins,
bioresorbable, similar | less corrosion | etc.
density and Young's | resistance
modulus to that of
natural bone,
lightweight
Ti alloy Excellent resistance | Poor wear | Fracture fixation
to corrosion, lower | resistance, poor | devices such as
modulus, stronger | bending  ductility, | plates, nails, rods,
than SS, lightweight, | and expensive screws, fasteners,
and biocompatible and wires, femoral
hip stems, total
Joint replacement
(TIR) systems,
arthroplasty
procedures,
particularly for hip
and knee joints
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Alumina (Al,03) | Biocompatibility and | Low fracture | Porous coatings for
bioinert behavior | toughness, brittle, | femoral stems,
elevated hardness, | limited ductility, | femoral head,
strength, and | radiopacity bone screws and
resistance to plates, and knee
abrasion, minimal prosthesis
formation of fibrous
tissue at the implant
tissue interface

Zirconia (ZrO,) | Excellent fracture | Phase Femoral head,
toughness, high | transformation, artificial knee,
flexural strength, low | Brittle, low | bone screws,
Young's modulus, | toughness plates
closely matching
bone, bioinert
nature, good
biocompatibility,
non-toxic  behavior
within the biological
environment

Bio-glass Biocompatibility, Brittleness may limit | Artificial bone,
bioactivity, load-bearing dental implants
promoting applications, low
integration with | tensile strength, and
surrounding  tissue, | poor fatigue
and non-toxicity resistance

Hydroxyapatite | Bioresorbable, Brittleness may limit | Femoral knee,

(HAp) Bioactive, load-bearing femoral hips, tibial
Biocompatible, applications, low | components,
similar composition | tensile strength, and | acetabular cup
to bone, good | poor fatigue
osteoconductive resistance
properties

1.2.1 Tiand its alloys: The material of ultimate choice for implant applications
Ti is a transition metal with atomic number 22 with an incomplete valence shell. It can
form a substitutional solid solution with an element having a size factor of +20%. The
melting point of Tiis 1678 °C, and the crystal structure of Ti is hexagonally closed-packed
(hcp), a-Ti up to the beta transus temperature (882.5 °C), transforming to a body-
centered cubic structure (bcc) B-Ti above this temperature, as shown in Figure 1.3

[43,44].
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Figure 1.3. Schematic representations illustrating (a) the allotropic forms of titanium (Ti),
hexagonal close-packed a-Ti, stable up to 882 °C, and body-centered cubic 8-Ti, stable at
temperatures above this transition, and (b) classification of Ti phase diagrams based on
different alloying additions. Reproduced with permission from [44].

The nature of the alloying element decides the microstructure (a to B transformation
temperature) of Ti-based alloy. Elements like Al, O, N, etc., are commonly known as a
stabilizers because they stabilize the a phase by increasing the B transus temperature.
Similarly, elements like V, Mo, Nb, Fe, Cr, etc., stabilize B transus temperature and are
known as B stabilizers. The addition of these elements depresses the B transus
temperature. Figure 1.4 highlights the various biomedical applications of Ti and its alloys.

Dental implants

F.

Cardiac implants

-
—"
-~

Femur implants

Feet implants Knee implants

Figure 1.4. Graphical representation illustrating the different titanium-based implants
used in biomedical applications. Reproduced with permission from [42].
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Ti alloys are generally classified based on the a and B phases. They are classified as a,
near-a, (a+fB), and metastable B alloys. The a alloy consists of only the a phase. Near a
alloys are a special class of a alloys comprising 1-2% B stabilizers and about 5-10% [
phase. Similarly, a+p alloys contain 10-30% of the B phase, and alloys with higher -
stabilizers where the B phase is formed by fast cooling are known as metastable B alloys.
Generally, a+B and metastable B alloys are employed in biomedical applications. Among
all these alloys, a and (a+p) alloys are considered first-generation Ti alloys and possess a
high Young’s modulus (110 GPa). The development of a second-generation Ti-based alloy
(B alloys) was established in 1990 [45]. Due to their lower Young’s modulus (55-90 GPa),
B alloys are the material of choice for orthopedic applications. Different Ti alloys and
their mechanical properties used for biomedical applications are listed in Table 1.3.

Table 1.3. List furnishing the mechanical properties of titanium and its alloys (where E-
Modulus in GPa and UTS-Ultimate tensile strength in MPa) [1].

Material Standard* E uTs Alloy
composition
First-generation biomaterials (1950-1990)
Commercially pure Ti (CP ASTM 1341 100 240-550 o
grade 1-4)
Ti6AI4V ELI wrought ASTMF136 | 110 | 860-965 a+B
Ti6AI4V ELI standard grade ASTM F1472 112 895-930 o+pB
Ti6AlI7Nb wrought ASTM 1295 110 900- o+p
1050
Ti5AI2.5Fe - 110 1020 o+B
Second-generation biomaterials (1990 to present)
Ti13Nb13Zr wrought ASTM F1713 79- 973- Metastable B
84 1037
Til2Mo6Zr2Fe (TMZF) ASTM F1813 74- 1060- B
85 1100
Ti35Nb7Zr5Ta (TNZT) - 55 596 B
Ti29Nb13Ta4.6Zr - 65 911 B
Ti35Nb5Ta7Zr0.40 (TNZTO) - 66 1010 B
Til5Mo5Zr3Al - 22 - B

*The listed ASTM standards are technically equivalent or harmonized with their corresponding
EN/ISO standards, ensuring consistency in testing methodology, acceptance criteria, and data
interpretation.

1.2.2 Ceramic-based biomaterials: Advantages and disadvantages

As discussed in Section 1.2, ceramics are widely explored for biomedical applications due
to their excellent corrosion resistance, superior biocompatibility, and inherent
bioactivity. For effective bone regeneration, ceramic-based scaffolds must possess an
interconnected microporous network, an appropriate surface texture to enhance cell
adhesion, and adequate mechanical strength to provide structural support. Among
various ceramic biomaterials, HAp with the chemical formula Caio((PO))s(OH), stands
out as one of the most promising candidates because of its bioactivity, biocompatibility,
osseointegration, osteoconduction, and non-toxicity [46,47]. Figure 1.5 shows the
growth of the apatite layer on the surface of the HAp-based porous scaffold. HAp is a
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bioactive calcium phosphate ceramic that closely mimics the mineral composition of
natural bone, facilitating direct bonding with host tissue. Synthetic HAp, produced via
methods such as mechanochemical reactions, wet chemical precipitation, hydrothermal
conversion, emulsion, and sol-gel techniques, is often considered superior to natural HAp
in terms of purity and tunable properties. A review article [24] provides the different
methods of producing HAp using waste animal bones.

Figure 1.5. Scanning electron microscopy images of the hydroxyapatite-based scaffold
showing the formation and progressive growth of an apatite layer on the scaffold surface
after incubation in simulated body fluid for (a) 7 and (b) 14 days. Reproduced with
permission from [24]

Despite its remarkable bioactivity, HAp exhibits certain drawbacks that limit its
standalone application in load-bearing implants. It is brittle in nature and possesses low
tensile and fatigue strength, which restricts its ability to withstand dynamic physiological
loads [48]. Furthermore, HAp shows a slow degradation rate, as it dissolves primarily
through ion exchange and surface dissolution in physiological fluids [24]. Highly
crystalline HAp is almost non-resorbable over extended periods, while less crystalline or
doped variants degrade faster, but still not at a rate matching natural bone healing. This
partial biodegradability allows gradual replacement by natural bone, making HAp ideal
as a coating material or composite filler to enhance the osteoconductivity of metallic or
polymeric implants rather than as a bulk implant material. While ceramic-based
biomaterials offer superior bioactivity and biocompatibility, but their brittleness and
slow degradation behavior underscore the need for alternative materials with
controllable mechanical and degradation characteristics, leading to the emergence of
biodegradable metals and alloys for biomedical applications.

1.2.3 Emergence of biodegradable metals and alloys for biomedical applications
Considering the challenges experienced by conventional permanent metallic implants
made up of Ti and SS, global research efforts have focused on the development of
biodegradable metallic implants. Such materials are designed to provide temporary
mechanical support during the healing process and gradually degrade within the body,
thereby eliminating the need for secondary surgical procedures to remove the implant.
This approach has the potential to improve patient quality of life, reduce healthcare
costs, and minimize the complications associated with permanent implants.
Biodegradable metals represent a unique class of biomaterials designed to gradually
degrade in the human body while eliciting a favorable host response. Ideally, they fully
resorb after fulfilling their tissue-regenerative function, leaving no residual material. As
these metals corrode progressively in-vivo, their degradation by-products are
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metabolized, assimilated, or excreted by the host, ensuring safe dissolution once the
healing process is complete [49]. In terms of nomenclature, “biodegradable metals” are
synonymous with “absorbable metallic materials” as defined by ASTM F3160 [50-52].
Biodegradable metals can be categorized into three primary groups: Mg, Fe, and Zn. Each
of these elements offers distinct advantages: Fe provides the highest mechanical
strength and ease of fabrication, Mg exhibits superior biocompatibility with mechanical
behavior close to that of natural bone, and Zn has a corrosion rate intermediate between
Mg and Fe, near the ideal range for biomedical use [50,51].

Applications of biodegradable metals are particularly promising for temporary
implants such as vascular stents, bone fixation devices, and bone grafting scaffolds,
where the surrounding tissue has the intrinsic ability to regenerate. Over the past two
decades, significant progress has been achieved toward clinical translation of
biodegradable systems. For instance, early clinical use of Mg-based scaffolds was
reported in 2004, when Witte described their application in 20 patients with inferior
genicular artery conditions [53]. This milestone was followed by the commercial release
of the Magmaris Mg coronary stent by Biotronik, Germany, in 2016, which received CE
approval as the first clinically validated biodegradable metallic scaffold [19,54]. The
device was fabricated from an Mg-RE alloy (WE43) and is expected to become widely
available [50]. Additionally, Lifetech Scientific (China) initiated the first human trial of Fe-
based biodegradable stents in 2018. Clinical cases of Mg-based biodegradable bone
screws have also been reported in Germany [55], Korea [56], and China [19].

Despite these benefits, research into biodegradable metals for bone grafting remains
underdeveloped, largely due to challenges in manufacturing porous scaffolds with
patient-specific architectures. Such scaffolds are highly desirable because they provide
tunable mechanical strength, appropriate porosity, and sufficient permeability for cell
infiltration and tissue ingrowth. Conventional fabrication methods, including casting,
sintering, foaming, and chemical vapor deposition, have been explored, but these
techniques offer limited control over pore size, shape, and distribution. Furthermore,
they lack the flexibility to produce patient-customized geometries that align precisely
with anatomical requirements. To date, no biodegradable metallic porous scaffold has
reached clinical use.

1.3 Development of porous orthopedic implants

In the previous sections, the fundamentals of bone metabolism and various materials
suitable for orthopedic implant applications were discussed. In the present section, a
comprehensive review of the different manufacturing processes used for developing
orthopedic implants is presented. Techniques such as additive manufacturing (AM),
spark plasma sintering (SPS), and hybrid manufacturing techniques are reviewed.

1.3.1 Development of porous scaffolds using additive manufacturing

AM, also known as rapid prototyping (RP), is a computer-assisted advanced fabrication
technique that utilizes computer-aided design (CAD) and computer-aided manufacturing
(CAM) models to construct predefined micro and macrostructures and precisely
controlled hierarchical architectures [57,58]. As the demand of the manufacturing sector
is more focused on precision and specific design, the AM technique has emerged as a
strong tool for mitigating the problems associated with conventional PM techniques like
material loss during post-processing, difficulty in producing complex shapes, etc. [59—
62]. AM has been extensively utilized in the medical field by creating patient-specific
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components based on patients' medical imaging. AM techniques can be categorized
based on energy-powder interaction and consolidation mechanisms, including methods
such as electron beam melting (EBM), selective laser melting (SLM), laser engineered net
shaping (LENS), and binder jetting (BJT) [63,64]. Though there are several AM processes,
only a few techniques, including SLM/LPBF and EBM, are widely used and can fabricate
a wide variety of materials. Other AM processes, like directed energy deposition (DED),
are widely used for higher deposition rates and large-scale manufacturing [65].

A unique feature of AM is the precise control it offers over scaffold architecture,
including pore size, shape, volume, and interconnectivity. It is a layer-by-layer fabrication
process in which the selected part is built in a CAD file and the file is sliced along the Z-
axis in a virtual environment, and a machine-specific tool path is generated for each slice.
This approach provides flexibility to design and fabricate porous scaffolds with tailored
pore geometry and interconnectivity, thereby enabling structures that closely replicate
the architecture of natural bone. Apart from this, AM offers specific advantages like site-
specific deposition with higher cooling rates and can easily produce intricate shapes [66].
Apart from fabricating intricate shapes, the AM structures also exhibit improved
properties because of hierarchical microstructures resulting from higher cooling rates
observed during the process [67-69].

AM-fabricated porous Ti alloys exhibit relatively better mechanical properties due to
interconnected structures. Good interconnectivity of the porous implants enables
uniform load distribution among the structures, while poorly connected porous
structures typically fail prematurely at the joints. Ample evidence in the literature
suggests premature failure for porous metallic implants [70,71]. Biomedical implant
dimensions and requirements vary from patient to patient, making other routes
challenging. Porous Ti implants are usually used for orthopedic implants owing to their
outstanding mechanical and biological properties. The elastic modulus of bone ranges
between 10-20 GPa and is mostly composed of inner cancellous and outer cortical bone.
Meanwhile, dense Ti alloys have an elastic modulus of around 110 GPa. However, it is
worth mentioning that metallic alloys fabricated via AM tend to possess a lower elastic
modulus than regular Ti-based alloys, making them comparable to bone [72]. In addition,
porous Ti also possesses high rigidity and good fatigue properties, making it a suitable
candidate for biomedical implants.

Figure 1.6 shows the Ti femoral implant and the hip ball and socket joints [42]. Pelvic
injury is prevalent in trauma patients, caused by impact, rolling, steep falls, and other
injuries. Recently, AM has often been employed for preoperative examination and
simulated surgery, treating pelvic fractures. Investigations demonstrate the possibility of
employing AM-fabricated Ti alloys for pelvic implants [73,74]. Wong et al. [75]
manufactured pelvic-specific implants from Ti alloy and evaluated their performance.
Broekhuis et al. [76] used AM to customize and create metallic pelvic prostheses for
acetabular repair following tumor resections.
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Figure 1.6. Image showing (a) medical-grade titanium (Ti) alloy femoral implant, (b) 3D-
printed Ti hip ball-and-socket implant, and (c) the first trabecular Ti hip cup used in
biomedical application. Reproduced with permission from [42].

In 2017, the United States FDA (Food and Drug Administration) authorized two alloys
of Ti for spinal implants made by AM. One example of an additively manufactured
vertebral implant is the HAWKEYE Ti, while another is the NEXXT MATRIXX 3D-printed
spinal implant. Hollander et al. [77] employed AM technology to fabricate spinal implants
with tailored porosity and demonstrated that their surface characteristics supported the
adhesion and proliferation of human osteoblasts. Figure 1.7. shows ATEC’s IdentiTi
posterior curved porous titanium interbody implant placed in the human spinal column.
Lin et al. [78] utilized the SLM method to achieve a porosity of approximately 55%,
resulting in an elastic modulus close to that of natural human bone (~3 GPa) and
developed titanium interbody fusion cage.

o
A

Figure 1.7. Schematic representation of the human spinal column showing the location of
ATEC's IdentiTi posterior curved porous titanium interbody implant (indicated in black).
Reproduced with permission from [42].

Figure 1.8 shows the cranial implant developed by Novax DMA [42] for a patient
requiring a large metallic implant. In the case of a skull implant, external variables,
particularly the implant itself, should be promoted rather than hindering the healing
process. Most significantly, the implant should fit as perfectly as feasible, as offered by
AM. The manufacturing technique, which uses a laser for building up a material (Ti) layer-
by-layer, allows for maximum customization in terms of form and size. Because of the
large hole in the patient's bone structure, integrating biological activities and minimizing
heat loss into the brain tissue were given high priority. A Ti construction may also be
impermeable to brain tissue fluid. Only permeable construction may satisfy the
requirements.
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Porosity levels = 95%

Figure 1.8. (a)Titanium-based highly porous cranial implant developed by Novax DMA
designed to match complex anatomical geometries, and (b) magnified image of the
porous titanium cranial implants with porosity levels of 95%. Reproduced with permission

from [42].

A lattice-structured implant with skull-integrated, screw-in fasteners allows fluids to
pass through and combine with the skull's bone. Furthermore, such a construction would
provide insulation, reducing heat transfer entering the cranial cavity. The pore spaces are
around 1 mm, whereas the cell links are about 0.2 mm thick. Murr et al. [79] described a
reticular skull implant developed through EBM. Mazzoli et al. [80] used p-CT imaging,
computer modeling, and AM to produce a biocompatible Ti skull implant. Yan et al. [81]
employed EBM to create a mandibular prosthetic implant that had a 3D mesh and a
porosity of 81.3%, which fits the parameters for implantation in the human body (Figure
1.9). Moiduddin et al. [82] also utilized a Ti-based alloy to fabricate cheekbones.

(b) Design of g
Bnandibular scaffoll

~
=]
S’

3D anatomic
model of a
human mandible

Porosity = 81.3%, Weight=107 g

Figure 1.9. Design and fabrication of a patient-specific mandibular scaffold
demonstrating the integration of anatomical modeling and additive manufacturing (a) 3-
dimensional anatomic model of a human mandible prosthetic, (b) design of mandibular
scaffold 3-dimensional mesh internal microstructure, (c) titanium alloy scaffolds
produced by additive manufacturing process, and (d) higher magnification image of
additive manufactured Ti6Al4V scaffold showing pore characteristics. Reproduced with

permission from [81].
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Yanez et al. [83] studied the gyroid-based porous Ti structures, where triply periodic
minimal surfaces (TPMS) have been used as an effective approach for developing porous
biomaterials. They developed a variety of porous Ti structures with varying degrees of
porosity using EBM to investigate mechanical characteristics under compression and
torsion loads, as illustrated in Figure 1.10. Compression testing indicated that deformed
gyroid structures possess significant strength and stiffness when subjected to axial
loading, particularly when a reinforcing shell is incorporated.

Figure 1.10. Representative images of six gyroid-structured porous titanium (Ti) designs
(a) gyroid 75, (b) gyroid 90, (c) deformed gyroid 75, (d) deformed gyroid 90, (e) deformed
gyroid with shell reinforcement, and (f) double deformed gyroid, (g) experimental setup
illustrating compressive mechanical testing of a gyroid porous Ti specimen and, (h)
torsional testing configuration showing a porous Ti sample subjected to rotational
loading. Reproduced with permission from [83].

1.3.2 Development of porous scaffolds using SPS

The conventional sintering or pressureless sintering process involves heating Ti and its
alloys at an elevated temperature of 1200 °C to 1400 °C (but below the melting point of
the material) and a high vacuum of the order of 4 x 10* Pa to 6 x 10°® Pa for a long time
of about 24 h to 48 h for densification and homogenization [84,85]. Even after this
lengthy procedure, achieving a porous homogeneous microstructure is challenging [85].
SPS is an advanced consolidation technique that uses pressure-assisted pulsed current
to sinter and can produce pore-free samples. In this process, the powder is loaded in an
electrically conducting die, which acts as a heating source when subjected to a pulsed
direct current. Thus, the powdered samples will be heated from both sides under uniaxial
pressure [86,87], and due to this fast heating, enhanced mass transfer and rapid powder
consolidation will occur [88]. Two theories explain the consolidation mechanism of
commercially pure (CP) Ti. According to the first hypothesis, the surface of the powder
particles is cleaned and activated by spark discharges generated between metallic
powdered particles, thus promoting mass transport for sintering [89,90]. Another
hypothesis suggests that the densification of powder is due to particle deformation
because, as the temperature increases, the yield strength of the powder particles
decreases [91]. The properties of porous Ti synthesized using SPS from various studies
are presented in Table 1.4.
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SPS is also referred to by several alternative names, including field-assisted
consolidation, electrical field-activated sintering, plasma-activated sintering, and
electrical discharge compaction [90]. Ibrahim et al. [92] synthesized porous Ti and its
alloy using SPS. During this process, porous Ti with different porosities was successfully
synthesized by NH4HCOs3 as a space holder and TiH; as a foaming agent. The experimental
results showed that pure Ti samples achieved full relative density at a relatively low
temperature of 750 °C and a pressure of 16 MPa. The porosity of 53% and Young's
modulus of 40 GPa were achieved in the case of pressureless sintering at a temperature
of 1000 °C.

Kashimbetova et al. [93] reported the fabrication of porous Ti structures using
pressure-less spark plasma sintering (PL-SPS). Their study focused on examining how
different sintering temperatures influence the microstructural features and mechanical
performance. Figure. 1.11 (a,d,g). display the porous strands formed at 1400 °C, where
bonding occurred primarily at contact points between adjacent Ti particles in the early
sintering stage. At 1500 °C, more developed sintering necks between particles were
observed, as shown in Figure 1.11-(b,e,h), indicating enhanced densification with limited
grain growth. Further sintering at 1600 °C brought the structures into the mid-stage of
sintering, marked by significant pore shrinkage, though overall porosity was maintained
(Figure 1.11-(c,f,i)).
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Figure 1.11. Images depicting porous titanium (Ti) fabricated using pressureless spark
plasma sintering as a function of varying sintering temperatures (a,d,g) 1400 °C, (b,e,h)
1500 °C and (c,fi) 1600 °C. Images (d-f) show higher-magnification views of (a-c),
respectively. Images (g-i) present metallographic cross-section microstructures of the
corresponding samples. (j) Compressive stress-strain curves of porous Ti as a function of
different sintering temperatures. Images of the (k) fragments of broken samples sintered
at 1400 °C and () lateral view of compacted samples sintered at 1600 °C. Reproduced
with permission from [93].
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Table 1.4. Processing conditions and mechanical properties of porous titanium prepared
by spark plasma sintering, hot pressing, and microwave sintering (where ST-Sintering
temperature in °C, TP-Time and pressure in min and MPa respectively, P-Porosity in %,
PS-Pore size (um), E-Young’s modulus (GPa), YS-Yield strength in MPa, UCS-Ultimate
compressive strength in MPa, and UTS-Ultimate tensile strength in MPa).

Materialtype | ST | 1P | P | ps | E | vs | ucs | uts | Ref.
Pure Ti 750 16 0 - ~1 - - - [92]
25
Pure Ti 1000 | Pressur 53 - 40 - - -
eless
Ti5Mn alloy 950 | Pressur 56 - 35 - - -
eless
Ti5Mn alloy | 1100 | Pressur 21 - 52 - - -
eless
Pure Ti 700 - 30-70 | 125 | 6- | 27- - - [94]
- 36 | 94
800
B-alloy Ti- 1000 | 10,30 0.5 - 72 | 550 - - [95]
45Nb (Gas
atomized)
B-alloy Ti- 1000 | 10,30 4.0 - 72 | 867 - - [95]
45Nb
(Milled)
Ti6Al4V 700 3,30 32 - - - 125 - [96]
Pure Ti 600 3,30 32 - - - 113 - [96]
CPTi (Grade | 900 5, 60 - - - 340 - 445 | [97,98
1) powder ]
Cryo-milled 850 - - - - 770 - 840
nanocrystalli
neCPTi
(Grade 2)
powder
CPTi (Grade | 900 5, 60 - - - 595 - 720
3) powder
Wrought - 3,80 - - - 480 - 655
titanium MPa - -
grade 4 635 690

Increased densification at higher temperatures had a direct effect on compressive
yield strength (CYS) (Figure 1.11-(j)). At 1400 °C, the weakly bonded particles resulted in
a low yield strength of 4.7 MPa. This increased to 26.7 MPa at 1500 °C due to the growth
of sintering necks and reached 52.6 MPa at 1600 °C as a result of further densification.
The samples sintered at 1500 °C and 1600 °C exhibited elastic deformation followed by
strain hardening during compression. In contrast, the structure sintered at 1400 °C
reached peak stress shortly after yielding and then fractured instantaneously, as shown
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in Figure 1.11-(k). The compressed sample sintered at 1600 °C maintained its pore
geometry as shown in Figure 1.11-(l).

1.3.3 Hybrid manufacturing of porous scaffold

As discussed in the previous sections, major causes of implant failure, such as stress
shielding and implant loosening, can be mitigated by reducing the Young’s modulus of
metallic implants through the introduction of porosity using different fabrication
techniques. However, these modifications inevitably reduce the strength and fatigue
resistance of the implants compared with their dense counterparts [99-102]. To
overcome this limitation and simultaneously enhance the mechanical and biological
performance, researchers have explored strategies to integrate a secondary bioactive
phase into the 3D-printed porous framework [103]. One promising approach involves the
development of next-generation metallic composites known as interpenetrating phase
composites (IPCs). IPCs represent a distinctive class of multi-material composites in
which at least one phase forms a topologically continuous network, while the second
phase is uniformly distributed throughout the structure [6]. A key advantage of IPCs is
their inherent structural redundancy: even if one phase undergoes degradation, the
remaining continuous phase can maintain mechanical integrity and load-bearing
capability [104,105]. Inspired by natural materials, bio-inspired IPC architectures have
been proposed to improve strength, toughness, and damage tolerance [106-108].
Although such architectures have been successfully realized in polymer-based systems
due to their greater fabrication flexibility [109—111], replicating similarly complex designs
in metallic systems remains a considerable challenge. In this regard, AM provides a
promising route for producing intricate metallic architectures with controlled porosity
and geometry that mimic biological structures [112-116]. Nevertheless, the
development of multi-phase IPCs using AM is still in its early stages, as most existing
studies focus on single-material systems, and integrating multiple metallic phases
significantly increases processing complexity.

Several studies have attempted to fabricate IPC by combining AM-fabricated porous
metallic scaffolds with secondary functional phases by the conventional route. For
instance, Zhang et al. [8] developed a Mg-Ti composite by pressureless infiltration of Mg
into an AM-fabricated Ti64 scaffold. Since the constituents of the composite were
continuous and mutually interpenetrated in the 3D space, the composite was termed
IPC. These porous structures were designed to mimic the bioinspired architecture
structure as shown in Figure 1.12. The composite shows effective stress transfer,
delocalized damage, and arrest cracking. Similarly, Dou et al. [103] fabricated partially
degradable IPC by first creating a pure Ti-based dodecahedral cellular structure with pore
sizes ranging from 400-500 um using SLM, followed by pressureless infiltration of pure
Mg into the porous framework. The developed composite possesses a higher strength
(yield strength of 64 MPa and ultimate compressive strength of 275 MPa) and lower
modulus (47.3 GPa) than cast pure Mg and Ti. Also, the degradation of the Mg supports
the ingrowth of bone tissue and biological fixation between the host and implant. In-vitro
and in-vivo studies of these composites revealed that the composite exhibits accelerated
corrosion compared to pure Mg. Still, it remains non-cytotoxic and does not induce
adverse reactions following implantation. In a similar approach, Rahmani et al. [117]
reported the addition of three different types of wollastonite (CaSiOs)-based bio-ceramic
via SPS in an AM fabricated Ti64 lattice as shown in Figure 1.12. The produced composite
exhibited higher wear resistance, damage tolerance, and mechanical properties, which
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can improve the durability of the bones. In another study, Rahmani et al. [117] reported
improved impact and osteoinductivity by manufacturing hybrid wollastonite and Ti64 for
craniofacial implants, as shown in Figure 1.13.

Bioinspired Infiltered
composites

ey, , Ti-6AL-4V

Biological architectures

Figure 1.12. Bioinspired architecture comprising additively manufactured Ti6Al4V (Ti64)
infiltrated with magnesium (Mg) via a pressureless infiltration route. The developed Ti64-
Mg composite exhibits a different bioinspired interpenetrating (a) H. Rufescens, (b) O.
Scyllarus, and (c) S. Purpuratus architecture. Reproduced with permission from [8].

However, the classification of such composites as IPCs strongly depends on the
fabrication route and the resulting phase architecture. When IPCs are produced using
solidification-based casting approaches, the secondary phase is typically infiltrated into
a porous precursor with or without the application of external pressure. During this
process, the infiltrated melts penetrate and interconnect with the porous precursor,
resulting in mutually interpenetrating continuous phases and forming IPC structures.
Therefore, the terminology IPC is well-suited for composites fabricated through
infiltration-based casting, as illustrated in Figure 1.12. In contrast, when composites are
fabricated using powder metallurgical approaches, the processing mechanism differs
significantly. In such cases, neither infiltration nor interpenetration of the secondary
phase occurs; instead, the secondary phase is manually added to the precursor matrix
like the processing of conventional composites. Consequently, a new scientific
terminology is required to clearly classify and describe these types of composites. If the
secondary phase is incorporated into the precursor matrix using powder metallurgy-
based approaches, similar to conventional composite processing, the secondary phases
typically surround the precursor matrix without forming an interpenetrating network
during consolidation. Therefore, such materials may be more appropriately classified as
metallic multimaterials (MMMs) rather than IPCs. When two phases are involved, these
systems may be specifically referred to as metallic bimaterials. Furthermore, if both the
matrix and reinforcement phases are metallic, the resulting composites can be defined
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as metallic bimetal composites (MBMCs) [6]. The detailed investigation on the
development of MMMs and MBMCs is presented in Chapter 5 of this thesis.

Bioactive ceramic powder Metallic lattice structure Hybrid metal-ceramic made by
combined SLM-SPS

e Metallic lattice surrounded by ceramic
Complex shape under
pressure by graphite mold

Figure 1.13. Processing step for designing cranio-maxillofacial implant by infiltrating
wollastonite, hydroxyapatite-based nanoscale bioceramics inside titanium alloys with
arbitrary lattice structures. Reproduced with permission from [118].

1.4 Research gap

Orthopedic implants are generally based on non-biodegradable metallic materials such
as Ti alloys, which provide excellent mechanical strength and corrosion resistance but
remain permanently in the biological system. In contrast, biodegradable metals such as
Zn exhibit controlled degradation behavior and good biocompatibility. But their
insufficient mechanical strength restricts their usage in load-bearing applications. To
address these challenges, porous Ti structures fabricated using AM have been developed
to reduce stiffness mismatch and enhance osseointegration. Nevertheless, increasing
porosity reduces the effective load-bearing capacity, while the material remains non-
biodegradable. Consequently, porous architecture alone cannot simultaneously achieve
mechanical integrity and functional degradation. In this context, partially biodegradable
systems combining a stable structural phase with a degradable phase have emerged as
a promising approach. IPCs have been explored to realize such systems, yet their
fabrication is largely restricted to conventional processing routes, limiting control over
complex geometries. This limitation has driven the need for hybrid manufacturing
strategies integrating AM and PM, although systematic investigations in this area remain
limited. For the successful development of such hybrid systems, the selection of an
appropriate load-bearing phase is critical. Ti64 alloys processed via SLM and SPS have
been widely investigated. However, these studies are predominantly independent, and
a systematic comparison of their microstructural evolution, mechanical performance,
corrosion behavior, and biological response under physiological conditions is lacking.
Such a comparison is essential to identify the most suitable processing route for the
structural phase in hybrid partially biodegradable systems. Furthermore, the
development of bio-inspired MMM s through hybrid processing remains underexplored,
resulting in a limited understanding of viable material combinations that can be
effectively fabricated. In particular, the feasibility of integrating an SLM-fabricated
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porous Ti64 scaffold with SPS-infiltrated Zn to develop a partially biodegradable implant
has not been established. Moreover, the influence of such hybrid architecture on
microstructural evolution, interfacial integrity, mechanical performance, corrosion,
biodegradation behavior, and in-vitro biological response under physiological conditions
remains unaddressed.

1.5 Objective of the thesis

The overall aim of this doctoral research is to develop a partially biodegradable Ti64-Zn

MBMC using a hybrid manufacturing method for biomedical implant applications. To

achieve this aim, the following specific objectives were defined and systematically
addressed:

e Evaluate the effect of fabrication route by comparing SLM and SPS processed Ti64
in terms of microstructure, mechanical, and biological performance under a
physiological environment.

e Evaluate the degradation behavior and in-vitro biological performance of SPS-
processed pure Zn in comparison with conventionally used as-cast Zn.

e Design and fabrication of Ti64-Zn MBMC with a bioinspired Ti64 porous scaffold as
the permanent phase and Zn as the degradable phase. The developed composite
will be systematically evaluated in terms of phase composition, mechanical
integrity, corrosion, and biodegradation behavior, and in-vitro cytocompatibility.
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2 Materials and experimental techniques

2.1 Raw materials

This study employs a range of metallic raw materials selected to investigate hybrid
manufacturing and multimaterial composite development. The primary materials
include Ti64 alloy powders, Zn powders, and conventionally as-cast Zn. This section
briefly outlines the characteristics of these materials relevant to the present work. Gas-
atomized Ti64 alloy powder, commercially sourced from SLM Solutions with a particle
size range of 20-63 um, was employed as the feedstock material. The morphology of the
as-received powder, shown in Figure 2.1-(a,b), reveals predominantly spherical particles
accompanied by smaller satellite particles adhering to their surfaces. These satellites
typically form due to collisions between solidifying droplets under turbulent flow within
the atomization chamber. At higher magnification, as shown in Figure 2.1-(b), some
particles display a distinctive “clamshell” structure, which can be attributed to rapid
solidification and prior B as-cast grain formation at elevated temperatures [119]. The
particle size distribution curve shown in Figure 2.1-(c) indicates an average diameter of
3010 pm. Elemental composition was further analyzed using energy-dispersive
spectroscopy (EDS) at higher magnification (Figure 2.1-(d)), confirming a homogeneous
distribution of Al and V within the Ti matrix.

15 30 45 60

0 3
Particle diameter (um,

Figure 2.1. Scanning electron microscopy images of the (a,b) as-received powder at
different magnifications, the inset figures in (a) show the particle size distribution curve,
and (b) shows the morphology of a single particle, (c) energy dispersive spectroscopy map
obtained from the high-magnification region in (b).

Similarly, commercially pure gas-atomized Zn powder with a particle size range of 10-
25 um was employed, along with commercially pure Zn blocks (>99.9%) procured from
Vedanta Ltd. (Mumbai, India). To ensure microstructural uniformity, the cast Zn blocks
were subjected to recrystallization at 300 °C for 4 h under ambient conditions. The
morphology of the Zn powder, as shown in Figure 2.2-(a,b), reveals nearly spherical
particles with faceted surfaces, often accompanied by smaller satellite particles adhering
to the larger ones. The particle size distribution curve (Figure 2.2-(c)) indicates an average
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particle size of 11+6 um, while the X-ray diffraction (XRD) pattern (Figure 2.2-(d))
confirms the presence of peaks corresponding to the hexagonal close-packed (hcp)
structure of Zn.
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Figure 2.2. Scanning electron microscopy images depicting the morphology of pure zinc
(Zn) powder at (a) low and (b) high magnification, (c) shows the particle size distribution
curve of the pure Zn powder, and (d) X-ray diffraction pattern of pure Zn powder.
Reproduced with permission from [120].

2.2 Sample fabrication method

2.2.1 SLM of Ti64

The SLM samples were fabricated from pre-alloyed elemental powder using the LPBF
technique on an SLM280 system (SLM Solutions GmbH, Luebeck, Germany). Fabrication
was carried out on a Ti and 316L SS based substrate under an argon atmosphere, to
prevent oxidation during the LPBF process. A 90° hatch rotation strategy was applied
between successive layers to minimize thermal gradients and alleviate residual stresses
induced by rapid solidification. A summary of the optimized processing parameters for
SLM is presented in Table 2.1.

2.2.2 SPS of Ti64 and Zn

Both Ti64 and Zn powders were consolidated into cylindrical pellets with a height of
approximately 6-7 mm using an HPD 10-GB SPS system (FCT System GmbH, Effelder-
Rauenstein, Germany) equipped with a graphite die of 20 mm inner diameter. To prevent
adhesion of the powders to the die and to ensure uniform electrical conductivity during
sintering, 0.5 mm thick graphite paper was placed between the powder and the graphite
punches. The sintered pellets were subsequently machined on all surfaces to remove any
residual graphite contamination. The sintering parameters for both materials are
summarized in Table 2.1. The SPS cycle consisted of three main stages: (i) initial
compaction, during which the pressure was gradually increased from 5 MPa to 50 MPa;
(ii) heating, where the temperature was raised from 50 °C to the designated sintering
temperature at a rate of 50 °C/min and maintained for a dwell time of 10 min; and (iii)
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cooling, during which the temperature was reduced from the elevated sintering
temperature to 50 °C at the same rate.

2.2.3 Hybrid manufacturing of composites

The hybrid manufacturing of MMMs and Ti64-Zn MBMC was carried out in two stages:
AM of a bioinspired Ti64 honeycomb structure, followed by consolidation of the
secondary phase using SPS. The honeycomb lattice was produced using the parameters
discussed in Section 2.2.1. The CAD model of the bioinspired honeycomb structure is
shown in Figure 2.3, highlighting the dimensions of hexagon unit. The optimized
processing parameters for SLM are shown in Table 2.1. The developed parts were
cleaned using the standard procedure followed by ultrasonication in ethanol for 15
minutes before further use. The cleaned lattice of 6 mm thickness was manually filled
with Zn spherical powder inside a 20 mm diameter graphite die as discussed in Section
2.2.2. The optimized SPS parameters for MMMs and MBMC are listed in Table 2.1. A
schematic illustration of the two-step fabrication route for Ti64-Zn MBMC is shown in
Figure 2.4.

5 mm

Top view Isometric view

Figure 2.3. Computer-aided design model of the bioinspired Ti6Al4V hexagonal lattice (a)
top view with cell/strut dimensions and (b) isometric 3-dimensional view. Reproduced
with permission from [121].

Table 2.1. Process parameters used to fabricate composites using the combination of
selective laser melting and spark plasma sintering processes for different material
systems.

Selective laser melting parameters

Material Laser Scan speed Hatch Layer Energy
power (W) (mm/sec) distance | thickness density
(mm) (mm) (J/mm3)
Ti64 Bulk 400 1000 0.12 0.05 66.66
Ti64 400 1000 0.12 0.05 66.66
Hexagons
Spark plasma sintering parameters
Material Sintering temperature (°C) Holding Compaction load
time (MPa)
(min)
Pure Zinc 300 10 50
Ti64-Zn 375 30 50
(MBMC)
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Figure 2.4. Schematic representation of the two-step fabrication route for Ti6Al4V-Zinc
(Ti64-Zn) metallic bimetal composites (MBMCs). In Step 1, a bioinspired Ti64 hexagonal
lattice architecture is produced via selective laser melting. In Step 2, Zn powder was
infiltrated into the Ti64 lattice and consolidated through spark plasma sintering, leading
to the development of Ti64-Zn MBMC. Reproduced with permission from [121].

2.3 Characterization of composites

2.3.1 Phase and microstructural analysis

The phase composition of Ti and Zn powders, as well as their bulk-processed
counterparts and Ti64-Zn composite, was analyzed using a Rigaku Smart Lab X-ray
diffractometer with Cu-Ka radiation (A = 1.5406 A) in Bragg-Brentano mode. For all the
samples, scans were performed over a 28 range of 25°-90°, with a step size of 0.01° and
a scan rate of 3°/min. The crystallographic texture of the Ti64 and Zn bulk samples was
further examined on the XY surface using Schulz reflection geometry, with the X-ray
source operated at 45 kV and 30 mA. This approach allowed for the identification of
phase formation, detection of secondary phases, and assessment of texture in developed
samples.

The microstructure of powders, bulk Ti64 and Zn, and Ti64-Zn MBMC were examined
using optical microscopy (OM Leica Microsystems), scanning electron microscopy (Zeiss
Gemini SEM 450), and electron backscatter diffraction (EDAX detector). All samples were
prepared following standard metallographic procedures, including mounting and
sequential grinding up to 4000-grit paper.

For Ti64, electropolishing was performed in a standard A3 electrolyte for 20s,
followed by sonication in deionized water to remove residual contaminants. Zn samples
were manually electropolished at 20 V for 35s in an electrolyte consisting of
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orthophosphoric acid and ethanol (3:5) to achieve a mirror-like surface and subsequently
etched for 10s in 10% nital (10% nitric acid mixed with alcohol) to reveal grain
morphology. In the Ti64-Zn composite, the Ti64-rich regions were treated using the A3
electrolyte for 20 s, while the Zn-rich regions were electropolished at 20 V for 35 s in the
orthophosphoric acid and ethanol mixture. The polished surfaces of all materials were
then examined using an SEM equipped with an EDAX EBSD detector. To analyse the
substructural features that differentiate the SPS and SLM processing routes, transmission
electron microscopy (TEM; Tecnai ST20, 200 keV, Germany) was employed.

2.3.2 Mechanical testing

The mechanical behavior of the developed samples was evaluated through hardness,
compression, and tensile testing, followed by SEM and EBSD analysis of the fractured
samples. Vickers microhardness was measured using a micro-indentation tester (Future-
Tech FM-810) under a load of 0.1 kgf with a dwell time of 10 s. Tensile and compressive
properties were determined at room temperature using a screw-driven universal testing
machine (Instron 5567) at a strain rate of 103 s. Post-deformation analysis of the
fractured samples was performed using SEM (Zeiss Gemini SEM 450), and electron
backscatter diffraction (EDAX detector) to examine microstructural evolution where
necessary. All experiments were conducted in triplicate to ensure consistency, reliability,
and reproducibility of the results.

2.3.3 Biodegradation and electrochemical corrosion analysis

The in-vitro biodegradation behavior of the composite was evaluated by immersing the
samples in SBF for 7, 14, and 21 days. The SBF solution was prepared following the
procedure described in [122]. Prior to immersion, all samples were polished using the
same procedure described earlier and then subjected to ultrasonication for 30 min to
remove any surface contaminants. The samples were then incubated at 37 °C with a 5%
CO; supply for the designated periods. After immersion, the samples were retrieved and
treated with 200 g/L CrOs solution for 10 min to remove surface oxidation and corrosion
products. This was followed by ultrasonic cleaning in alcohol for 30 min. Once dried, the
mass change was recorded to determine the degradation rate. Additionally, the surface
morphology of the degraded samples was analyzed using SEM (Zeiss Gemini SEM 450) to
assess the effect of immersion on the samples. All experiments were conducted in
triplicate to ensure reproducibility of the results.

The electrochemical corrosion behavior of the SPS-processed Zn, SLM-processed Ti64
samples, and Ti64-Zn composite was evaluated using a standard three-electrode cell
setup connected to a potentiostat (C.H. Instruments, CHI604E, USA). In this setup, a
standard calomel electrode (SCE) and a platinum (Pt) electrode served as the reference
and counter electrodes, respectively, while the thoroughly polished samples (exposure
area: 1 cm?) acted as the working electrode. SBF was used as an electrolyte to simulate
physiological conditions. Potentiodynamic polarization (PDP) tests were performed at a
potential range of -2000 mV to +2000 mV vs. SCE, at a scan rate of 1 mV/s. All
electrochemical tests were conducted three times to ensure repeatability and reliability.
To understand the resistance and capacitance of oxide films in Zn samples after 1 h and
24 h of immersion, the electrochemical impedance spectroscopy (EIS) information was
recorded. The EIS measurement was performed in the frequency range of 10 kHz to 0.01
kHz by applying a 10 mV perturbation to OCP values. Following these, the samples were
cleaned according to ISO 8407:2009 standards, and their corroded surface morphology
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was examined using SEM (Zeiss Gemini SEM 450). The corrosion rate (CR) in mm/year

was calculated according to Eq. 2.1.
Icorr-1000

n-F-A

CR = (Eq. 2.1)

where I represents the current density, n denotes the number of electrons (2 in the
present case), F signifies the Faraday's constant (96500 C/mol), and A stands for the
atomic weight of the metal (65.38 g/mol). Electrochemical corrosion experiments were
conducted in triplicate to ensure the reproducibility of the results.

2.3.4 Biocompatibility assessment

Cytotoxicity of the developed samples was evaluated by an indirect method using
MC3T3-E1 subclone 4 mouse calvarial pre-osteoblast cells (ATCC, USA; CRL-2593). Fresh
culture medium served as the control. disc-shaped samples (20 mm diameter, 2 mm
thickness) were uniformly polished, sterilized in ethanol, and exposed to UV radiation for
1 h. To eliminate residual ethanol, the samples were washed three times with a PBS
solution containing 1% antibiotics. Since Zn degrades in the solution medium, the
potential effect of leachates from the material on cellular response was examined by
preparing a conditioned medium. The conditioned medium was prepared by incubating
sterilized samples in complete culture medium (a-MEM supplemented with 10% FBS
(Gibco, Life Technologies) and 1% antibiotic (Sigma Aldrich)) at 37 °C with 5% CO, for 24
h and 72 h, respectively. A fixed volume of 15 uL/mm? of complete medium was used for
conditioning. Following incubation, the samples were removed, and the conditioned
medium was centrifuged at 5000 rpm for 20 min to eliminate debris. MC3T3-E1 cells
were cultured in a complete medium on a 48-well plate at a density of 3 x 103 cells per
well and allowed to adhere for 24 h at 37 °C with 5% CO,. After 24 h, the culture medium
was replaced with a conditioned medium and incubated for an additional 24 and 72 h.
The conditioned medium from all samples was tested at two different dilutions 1X
dilution (i.e.100% conditioned medium) and 8X dilution (i.e., 12.5% conditioned medium,
with the remaining volume supplemented with complete medium). For positive control,
cells were cultured in a fresh medium and incubated for the same period as the
conditioned medium sample. After 1 and 3 days of incubation, the conditioned medium
was aspirated, and the cells were rinsed with PBS. Cell viability was assessed using the
WST-1 assay (Invitrogen) by incubating cells in WST-1 solution (1:10 dilution) for 3 h. The
optical density (OD) of the resultant medium was measured using a plate reader (Biotek
Gen 5, Santa Clara, CA, USA) at 440 nm. The relative growth rate (RGR) was calculated
according to Eq. 2.2:

RGR = (OD—"“”’) - 100 (Eq.2.2)

ODcontrol
where ODs.mpie is the optical density of the sample, and ODcontror is the optical density

of the control determined with a plate reader. The data obtained from the WST-1 assay
were analyzed using analysis of variance (ANOVA) with Tukey’s test, and statistical
significance was considered at p<0.05. All data are reported as mean % standard
deviation from at least four independent samples. To further evaluate cell viability, a live-
dead assay was performed by staining the cells with calcein AM (Thermo Fisher Scientific,
India) for live cells and Ethidium Homodimer (Thermo Fisher Scientific, India) for dead
cells. The stained cells were then visualized using an inverted epi-fluorescence
microscope (Olympus IX-53, Tokyo, Japan). For cell morphology analysis, the cells were
fixed with 3.7% formaldehyde in PBS at room temperature for 30 min, followed by PBS
washing. The cell membrane was permeabilized by incubating in 0.2% Triton X-100
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solution (Sigma, Germany) for 8 min, followed by another PBS wash. To stain actin
filaments, the washed cells were incubated with 25 pug/mL Alexa Fluor 488 (Invitrogen)
at room temperature for 30 min. The cell nuclei were stained using 0.2 pug/mL DAPI
(Invitrogen) at room temperature for 3 min. The stained cells were examined using an
inverted epi-fluorescence microscope. All experiments were conducted in triplicate to
ensure the reproducibility of the results.
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3 SLM and SPS fabrication of Ti64 alloy : A comparative analysis

The objective of this chapter is to address the existing research gap by systematically
comparing Ti64 fabricated through SLM and SPS, with emphasis on differences in their
microstructural, mechanical, and biological performance. A comprehensive
methodology is adopted to examine microstructural features using SEM and EBSD,
enabling detailed assessment of grain morphology, phase distribution, and texture
evolution. The mechanical behavior was systematically characterized via tensile and
compressive testing, encompassing parameters such as ultimate strength, yield strength,
and strain to failure. Fractographic analysis was employed to elucidate failure
mechanisms and evaluate structural integrity under mechanical loading. . In addition, in-
vitro biocompatibility will be evaluated by investigating cell adhesion, proliferation, and
potential cytotoxicity, providing insights into cell-material interactions. By integrating
these multidisciplinary analyses, the study aims to identify the processing route that
yields optimal mechanical stability, and biofunctionality, thereby enhancing the clinical
applicability of Ti64 implants. Beyond this comparison, the findings also contribute to the
broader objective of developing advanced, high-performance biomaterials for next-
generation implant systems.

3.1 Phase analysis of Ti64 alloy

Figure 3.1-(a) shows the XRD patterns of as-received Ti64 powder and the SPS and SLM-
processed compacts, highlighting the phase differences under the three conditions. The
Ti64 powder exhibited peaks corresponding to a-Ti without any impurity signals,
confirming its high purity. In the SLM-processed samples, the diffraction pattern shows
the presence of hexagonal close-packed (HCP) a/a’ martensite. The absence of B Ti is
attributed to its low volume fraction (3-5 vol%) and the extremely rapid cooling rates
during laser melting, which transform most of the B phase into fine a/a’-martensite,
consistent with earlier studies [123,124]. However, it is important to note that XRD alone
cannot reliably distinguish between a (HCP) and o' (HCP), since their c-axis lattice
parameters differ by approximately. 0.1% [125]. The broader diffraction peaks in the SLM
samples indicate the presence of residual stresses, micro-strain, and subgrain
refinement, reflecting non-equilibrium solidification. In contrast, the SPS compact
retained the a Ti phase while also showing B Ti reflections at 26 values of 39° and 75°,
which can be attributed to the relatively slower cooling rates during sintering that allow
partial stabilization of the B phase.

The crystallographic texture of SPS and SLM-processed Ti64 is illustrated in the inverse
pole figure (IPF) plot in Figure 3.1-(b,c). The SPS sample exhibited a pronounced texture
strongly aligned along [0001] with a weaker [1120] component, which can be linked to
the growth of coarse columnar laths favored by slower cooling rates. In contrast, the SLM
sample revealed a comparatively weaker [1120] texture with more random grain
orientations. This weak texture is associated with the rapid thermal cycles in SLM, which
suppress the growth of preferred orientations and promote orientation randomness.
These observations are consistent with EBSD microtexture analysis, which is discussed
later.
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Figure 3.1. (a) X-ray diffraction patterns for the as-received Ti6Al4V (Ti64) powder, and
Ti64 samples fabricated by selective laser melting (SLM) and spark plasma sintering (SPS)
processes. Inverse pole figure plots obtained using an X-ray texture goniometer for (b)
SPS, and (c) SLM processed samples.

3.2 Microstructural analysis of Ti64 alloy

The microstructural characteristics of Ti64 alloys fabricated via SPS and SLM were
systematically investigated using SEM, EBSD, and transmission electron microscopy
(TEM). The integration of these techniques provided critical insights into how processing
routes influence phase morphology, crystallographic orientation, and substructural
features.

Figure 3.2-(a,b) shows the microstructure of SPS-processed Ti64, while Figure 3.2-(c,d)
presents that of the SLM fabricated samples, highlighting the distinct grain morphologies
produced by the two processing routes. The SPS microstructure is characterized by a
bimodal grain distribution with coarse prior B grains and lamellar o+ colonies forming a
basketweave-like Widmanstatten structure [43]. During SPS, the elevated processing
temperature (1200 °C) and applied load (50 MPa) enable B-phase growth along a
boundaries, leading to a coarser lamellar structure. Above the B-transus, Ti64 exists in
the B (BCC) phase, which on cooling transforms into a mixture of a and B phases
depending on the thermal trajectory. The relatively slower cooling rate in SPS preserves
large polygonal prior B grains, within which colonies of alternating a (grey) and B (white)
lamellae are observed, with a spacing of 1-2 um. Such morphologies arise from
diffusional transformations under near-equilibrium conditions, consistent with previous
findings [43].

In contrast, the SLM-processed samples exhibit a fine acicular a’ martensitic structure,
as shown in Figure 3.2-(c,d). Rapid solidification during SLM suppresses diffusional
transformations, instead promoting a diffusionless B—>a’ martensitic transformation.
Both a and a’' phases retain a hexagonal close packed (HCP) structure with nearly
identical lattice parameters, although a’ is a metastable supersaturated phase enriched
with Al and V stabilizers [126]. This supersaturation alters the lattice constants,
introducing significant residual stresses and micro-strain. The a’ laths typically nucleate
at prior-B grain boundaries and grow along Burger’s orientation relationship (BOR)
defined planes. Among the twelve possible a’ orientation variants, {110}3//{0001}a’ and
<111>B//<1120>a are most favorable, producing laths inclined at ~45° [127].
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Moreover, hierarchical martensitic laths are evident in SLM samples. Long primary
laths coexist with shorter secondary and tertiary laths, formed through sequential
nucleation during repeated thermal cycling inherent to SLM processing. Yang et al. [128]
reported that this multi-scale martensitic morphology arises from partial reheating of
primary martensite during layer deposition, triggering further martensitic
transformation. This repeated transformation, combined with high cooling rates, also
introduces high dislocation densities and martensitic twinning, which accommodates
transformation strain and provides additional nucleation sites for fine-scale variants.
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Figure 3.2. Scanning electron microscopy images of Ti6Al4V (a,b) spark plasma sintered
samples at low and high magnifications, showing the presence of prior f§ grain boundaries
with a phase (yellow arrow), and (c,d) selective laser melted samples highlighting the
acicular a’ martensitic needles (yellow arrow) within the microstructure.

To further analyze the crystallographic features and phase evolution of Ti64 samples,
EBSD was employed. The EBSD maps of SPS and SLM processed samples are shown in
Figure 3.3-(a-c) and Figure 3.3-(d-g), respectively. The IPF, phase distribution, and kernel
average misorientation (KAM) maps collectively provide insight into crystallographic
orientation, phase constitution, and strain distribution as influenced by the distinct
thermal histories of the two processing routes.

The IPF maps of the SPS sample (Figure 3.3-(a)) reveal large a colonies containing fine
lamellar prior B, with minimal variation in intergranular orientation. This suggests a slow,
diffusion-controlled B->a+B transformation, where variant selection is primarily
thermodynamically driven to minimize interfacial energy. In contrast, the IPF map of the
SLM sample shown in Figure 3.3-(d) displays highly fragmented a/a’ orientations,
characteristics of a non-equilibrium transformation. The absence of strong variant
selection results in a higher fraction of low-angle grain boundaries (LAGBs), reflecting
rapid solidification kinetics.

Phase maps Figure 3.3-(b,e) show notable differences in a and B phase fractions. SPS-
processed Ti64 retained 5.2% B phase, mostly localized at interlamellar boundaries,
enriched with V and Fe, and present as continuous networks or small globules.
Conversely, the SLM sample contained only approximately. 2.1% retained B, sparsely
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distributed due to extremely high cooling rates (>10° K/s). These differences in a/B
balance directly influence the mechanical response, including strength and ductility.

The KAM map shown in Figure 3.3-(c,f) highlights strain distribution within the
microstructures. The SPS specimen exhibits relatively low KAM values, indicative of a
strain-free or minimally strained microstructure. In contrast, the SLM sample shows
significantly higher KAM values, particularly along inter-martensitic lath boundaries.
These elevated misorientations stem from the rapid, diffusionless f—>a’ transformation
during SLM, which introduces a high density of defects such as dislocations and stacking
faults, contributing to localized strain accumulation and heterogeneity in grain
orientation [129].
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Figure 3.3. Electron backscatter diffraction maps of Ti6Al4V processed by (a-c) spark
plasma sintering and (d-f) selective laser melting, showing the (a,d) inverse pole figure,
(b,e) phase maps, and (c,f) kernel average misorientation maps.

TEM images shown in Figures 3.4 and 3.5 provide deeper insight into the
microstructural distinctions between SPS and SLM-processed Ti64. Figure 3.4-(a-c) shows
TEM micrographs of the SPS samples, where dislocations within the a phase are sparse
and isolated (red arrows), suggesting that residual strain is accommodated primarily
through elastic rather than plastic mechanisms. As discussed previously, SPS
microstructures consist of lamellar a+B colonies. The B phase, shown in Figure 3.4-(b),
exhibits a coarse morphology with well-defined interfaces and an average lamellar width
of 350 nm, consistent with diffusion-controlled transformations. High-magnification TEM
images in Figure 3.4-(b,c) reveal that strain is largely concentrated at a/B interfaces,
where interfacial misfit dislocation arrays form to accommodate the crystallographic
mismatch between HCP a and BCC B during cooling. The selected area diffraction pattern
(SADP) of SPS samples confirms the a phase with a zone axis of [4513]. The absence of
diffraction anomalies such as streaking or splitting excludes significant twinning or
stacking faults, supporting a predominantly displacive transformation during sintering.
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In contrast, the SLM microstructure shown in Figure 3.5-(a-c) is dominated by densely
packed a’ martensitic needles with heavily entangled dislocations, reflecting rapid, non-
equilibrium solidification.

j J 2000m

Figure 3.4. Transmission electron microscopy (TEM) images showing the detailed
microstructure (a) bright-field TEM image showing dislocations within the lamellar
structure, the inset presents the indexed selected area electron diffraction pattern, (b)
higher magnification image highlighting the presence of [-Ti phase, and (c) higher
magnification image illustrating the lamellar morphology and interfacial features.

Figure 3.5. Transmission electron microscopy (TEM) images showing the detailed
microstructure (a) bright-field TEM image revealing a-titanium (Ti) needle-like features
and regions of dislocation tangles, (b,c) higher magnification TEM images illustrating the
distribution of a-Ti needles and associated dislocation structures, the inset in (b) shows
the indexed selected area electron diffraction pattern.

The a' laths align preferentially along specific crystallographic planes, consistent with
the diffusionless B—>a’ transformation widely observed in Ti64. SADP patterns along the
[1453] zone axis confirms the HCP structure, though they cannot clearly distinguish
between a and o’ due to imaging along a higher-index zone axis, where c/a ratios are
difficult to extract. However, TEM images clearly reveal a’ martensite morphology. The
presence of dark contrast regions and diffuse diffraction intensities indicates localized
lattice distortions and significant residual stresses. Additionally, widespread dislocation
tangles within martensitic laths suggest a high density of geometrically necessary
dislocations (GNDs), generated during rapid solidification and cyclic reheating inherent
to SLM. These a' needles hinder dislocation mobility, leading to strain localization via
dislocation pileups. While this mechanism contributes to strengthening through Orowan
looping, it may also promote crack initiation under cyclic loading or corrosive
environments.
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3.3 Mechanical behavior of Ti64 alloy

The mechanical behavior of the developed composites was characterized using hardness,
tensile, and compressive tests conducted according to ASTM standards. The SLM
specimens exhibited higher hardness values (412+17 HVy1) as compared to its SPS
counterpart (361420 HV, ;). Similarly, SLM samples achieved superior strength, with CYS
of 1428+5.5 MPa and ultimate compressive strength (UCS) of 1828+13 MPa as shown in
Figure 3.6-(a). In contrast, SPS samples showed lower CYS (946%5.3 MPa) and UCS
(1732168 MPa). Although SLM demonstrated higher strength, SPS specimens exhibited
greater plastic deformation before failure. The calculated values of mechanical
properties are presented in Table 3.1.
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Figure 3.6. (a) True tensile/compressive stress-strain curves, and (b) corresponding strain
hardening rate plot for Ti6Al4V samples fabricated by spark plasma sintering and
selective laser melting.

The UCS and UTS values obtained for SLM samples are consistent with earlier reports
by Gupta et al. [130] and Sabban et al. [131]. Microstructural differences, particularly the
refinement of a’ martensitic laths and slight compositional variations, account for these
trends. Galarraga et al. [123] noted that an increase in finer a’ laths enhances alloy
strength, in accordance with the Hall-Petch relationship. However, the dense
arrangement of o laths in SLM Ti64 restricted ductility, as rapid solidification introduces
significant internal strain and limits dislocation slip within differently oriented laths [130].
In contrast, SPS samples displayed enhanced plasticity. This is attributed to the
decomposition of metastable o’ into equilibrium aand B phases during high-temperature
sintering at 1200 °C [132]. Vanadium diffusion during slow cooling promotes a lath
coarsening, reducing internal stresses and facilitating greater plastic deformation.

Strain hardening behavior under compressive and tensile loading is shown in Figure
3.6-(b). For compression, SPS specimens exhibited a higher strain hardening rate
compared to SLM. However, the SPS sample also showed a sharper decline in hardening
(faster softening), while SLM maintained a slightly extended curve, suggesting greater
resistance to softening. Under tensile loading, both samples showed comparable strain
hardening trends, but at higher strains, the SPS specimens softened more rapidly than
their SLM counterparts. This trend is consistent with the observations from compression
tests.
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Table 3.1. Mechanical properties of sintered and additively manufactured Ti6Al4V samples.

Samples | Hardness CYS ucs TYS uTsS Fracture | oy/0yc
(HV) (MPa) oyc (MPa) (MPa) (MPa) strain
cjyt (%)

SPS 361120 946+5.3 | 1732468 | 520+7 | 865+20 34+1 0.54
SLM 412+17 | 1428+5.5 | 1828+13 | 79946 | 1211412 12+2 0.55

3.4 Fractography of fractured Ti64 samples

Tensile and compressive fracture morphologies of SPS and SLM samples are shown in
Figure 3.7 and Figure 3.8, respectively. The SPS specimens display a quasi-ductile failure
mode, characterized by surfaces with large dimples, reflecting a mixed fracture
mechanism involving both ductile and intergranular brittle features. This fracture
behavior explains the significant elongation observed during tensile testing (Figure 3.7-
(a-d). However, the SLM samples (Figure 3.7-(e-h) exhibit a distinctly different profile,
with rough fracture surfaces at the center and relatively flat regions along the edges.
Shallow dimples were observed near the edge regions (Figure 3.7-(h)). Secondary cracks
are visible on the fracture surface (Figure 3.7-(f)), likely originating from the coalescence
of pre-existing pores under increasing stress [133]. Moreover, step-like fracture features
(Figure 3.7-(g)) suggest crack propagation across differently oriented laths. These
observations are consistent with the mechanical property data reported in Table 3.1.
Overall, the SLM samples reveal dominant brittle fracture characteristics with limited
plasticity, whereas the SPS samples demonstrate a more typical ductile fracture mode,
in agreement with earlier reports. A similar trend was evident in the compressive fracture
surfaces, as shown in Figure 3.8-(a-f).

Figure 3.7. Scanning electron microscopy images of fractured tensile samples of (a-d)
spark plasma sintered, and (e-h) selective laser melted Ti6Al4V samples at different
locations (A, B, and C).
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Figure 3.8. Scanning electron microscopy images of fractured compression samples of (a-
c) spark plasma sintered, and (d-f) selective laser melted Ti6Al4V samples at different
magnifications.

3.5 Cytocompatibility assessment of Ti64 alloy

The cytocompatibility of SPS and SLM samples was assessed by culturing MC3T3-E1 cells
for 1, 3, and 5 days, as shown in Figure 3.9. Cell proliferation was quantified through the
RGR. Both materials demonstrated >80% cell viability across all time points, confirming
good cytocompatibility in accordance with ISO 10993-5 [134]. The SLM samples, used as
the control due to their extensive prior evaluation [130], showed a slightly higher RGR
compared to the SPS specimens.
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Figure 3.9. Relative growth rate measured by water-soluble tetrazolium assay for MC3T3-
E1 cells cultured on Ti6Al4V (Ti64) samples for 1, 3, and 5 days. Selective laser melted Ti64
samples were taken as the control for each day. The significance level is taken as p=0.05,
i.e., p<0.05(*), p<0.01(*), p<0.001(*), p<0.0001(*) and p>0.05, non-significant (ns), n=4.

This improved cell response in AM samples can be associated with their finer-grain
microstructure, as discussed earlier. Grain refinement is well known to influence surface
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properties, particularly hydrophilicity, which enhances protein adsorption and cell
attachment. In this study, AM Ti64 exhibited a more hydrophilic surface than SPS Ti64,
contributing to better osteoblast adhesion and proliferation. These findings are
consistent with Medvedev et al. [135], who reported superior osteogenic performance
in ultrafine-grained Ti compared to coarse-grained Ti, and Tong et al. [136], who
demonstrated enhanced cytocompatibility in B Ti alloys after microstructural
refinement.

Fluorescence microscopy images of both conditions (Figure 3.10) confirm these
results. At day 1, cells were uniformly attached to both surfaces, but by days 3 and 5, cell
density was markedly higher on AM Ti64, reaching full confluence earlier than on SPS.
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Figure 3.10. Figure 3.10. Fluorescence images of MC3T3-E1 cells cultured on Ti6Al4V
samples after 1, 3, and 5 days of incubation, showing actin filaments (red) and nuclei
(blue). (a-c) Cells cultured on spark plasma sintered samples and (d-f) cells cultured on
selective laser melted samples, (a,d) correspond to day 1, (b,e) correspond to day 3, and
(c,f) correspond to day 5.

Further evidence is provided by SEM micrographs of cell adhesion (Figure 3.11). On
day 1, cells on both surfaces appeared rounded with limited spreading. By day 3, cells
exhibited elongated morphologies with extended filopodia, forming interconnected
networks that became more pronounced by day 5, particularly on the AM samples. This
enhanced spreading suggests a more favorable microenvironment for osteoblast
proliferation, likely arising from the finer grain size and higher surface wettability of the
SLM samples. Overall, these findings confirm that SLM-processed Ti64 exhibits superior
cytocompatibility compared to SPS-processed Ti64, primarily due to its refined
microstructure and enhanced surface characteristics.
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Figure 3.11. Scanning electron microscopy images showing the morphology and
attachment of MC3T3-E1 cells cultured on Ti6Al4V samples fabricated by spark plasma
sintering (SPS) and selective laser melting (SLM). (a-c) Cells cultured on SPS and (d-f) cells
cultured on SLM samples (a,d) correspond to day 1, (b,e) correspond to day 3, and (c,f)
correspond to day 5. Insets show higher-magnification views of representative cell-
surface interactions.

3.6 Summary

This chapter systematically compared the microstructural, mechanical, and biological
responses of Ti64 processed via SPS and SLM. The findings highlight that the processing
route strongly dictates the resulting phase constitution, grain morphology, and
crystallographic texture, which in turn govern material performance. SLM processing
produced a fine a’ martensitic microstructure with high dislocation density, resulting in
superior hardness and compressive strength but at the expense of ductility due to
restricted slip within densely packed laths. In contrast, SPS yielded a lamellar a+B
structure with coarser grains, which allowed for greater plastic deformation through
diffusional transformations and reduced internal stresses. Cytocompatibility studies
confirmed that both processing routes produced biocompatible Ti64, with >80% cell
viability in accordance with ISO 10993-5. However, SLM samples demonstrated slightly
enhanced osteoblast adhesion, proliferation, and spreading, which can be attributed to
their finer grain size and greater surface hydrophilicity. Overall, SLM Ti64 exhibited
higher strength and better biological response, while SPS Ti64 offered improved ductility.
These complementary characteristics underscore the importance of tailoring processing
routes to achieve balanced performance, depending on the specific biomedical
application.

Overall, the findings highlight the influence of manufacturing routes on the functional
performance of Ti64 and establish an important baseline for understanding the behavior
of titanium in biomedical applications. However, as discussed earlier, due to the bioinert
nature of titanium and its alloys, they remain nondegradable, and their long-term
presence in the body may lead to issues such as stress shielding and the need for revision
surgeries. Therefore, the subsequent chapter focuses on biodegradable metallic systems,
specifically pure Zn processed through SPS and conventional casting. This investigation

56



aims to understand how different processing routes influence the microstructure,
mechanical properties, degradation behavior, and biocompatibility of Zn, thereby
providing the necessary foundation for incorporating a degradable phase in the
development of hybrid Ti-based multimaterial implant systems explored in the later
chapters of this thesis.
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4 Spark plasma sintering of biodegradable pure Zn

The objective of this chapter is to investigate the potential of Zn as a biodegradable
material and to evaluate the influence of processing routes on its performance. Zn
produced through two different processing routes is systematically examined. Particular
emphasis is placed on the structure-property relationship by correlating the resulting
microstructural features with mechanical properties, degradation behavior, and
biological response. This analysis provides a comprehensive understanding of how
processing methods influence the structure and functional performance of Zn-based
biomaterials. Microstructural evolution and crystallographic characteristics are
examined using OM, SEM, and EBSD to understand grain morphology, texture
development, and recrystallization behavior. Mechanical performance is evaluated
through compressive testing to determine the influence of grain refinement and
deformation mechanisms on strength and ductility. In addition, the biodegradation
behavior of the materials is investigated through immersion and electrochemical
corrosion tests in SBF, providing insights into their degradation kinetics and corrosion
mechanisms under physiological conditions. Furthermore, the biological response of Zn
is assessed through in-vitro cytocompatibility studies to examine the effect of
degradation products on cell viability and proliferation. Through these detailed studies,
this chapter aims to establish an effective processing route for refining Zn microstructure
and tailoring its performance for biomedical applications. The outcomes of this study
provide a foundational understanding of Zn behavior and serve as a critical step toward
its integration with Ti-based systems for the development of partially biodegradable
metallic composites in subsequent chapters.

4.1 Densification of Zn after SPS

The density of the SPS-processed Zn samples was found to be 7.1 g/cm?, corresponding
to a relative density of 99.4%, indicating near-complete densification of the powder
during sintering. Abedi et al. [137] reported that metallic systems typically achieve a
more uniform temperature distribution compared to ceramics, which contributes to
higher consolidation efficiency . The sintering profile, presented in Figure 4.1 (piston
displacement vs. time and temperature vs. time), highlights three distinct stages leading
to final densification.

In Stage |, an external pressure of 50 MPa was applied at room temperature, which
promoted particle rearrangement and reduction of pore volume. This stage exhibited a
significant piston displacement at an average rate of 0.35 mm/min. Stage Il corresponded
to the heating phase, where rapid temperature rise facilitated plasma generation
between powder particles, surface cleaning, and thermally activated densification [138].
During this stage, the piston displacement decreased to 0.1 mm/min as the temperature
increased from 50 °C to 300 °C at a rate of 50 °C/min, followed by a 10 min dwell,
enabling grain boundary diffusion, neck formation, and pore closure. Finally, Stage Il
involved cooling from 300 °C to 50 °C at the same rate (50 °C/min). The piston
displacement further decreased to 0.01 mm/min, which was attributed to thermal
shrinkage of the compact rather than densification [139].
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Figure 4.1. Plot showing the spark plasma sintering cycles observed due to piston
displacement and temperature as a function of time for the zinc samples. Reproduced
with permission from [120].

4.2 Phase analysis of Zn

Figure 4.2 presents the XRD patterns of pure Zn powder and SPS-processed samples.
Both patterns reveal a single-phase microstructure with peaks corresponding to the hcp
crystal structure, and no additional peaks are detected within measurable limits,
confirming the absence of oxide formation during sintering. For Zn powder, the highest
intensity peak appears at (1011), whereas for the bulk samples, the dominant peak is
observed at (0002). This shift in peak intensity indicates the development of preferred
orientation, where crystallites in a polycrystalline material tend to align along specific
crystallographic planes during processing [140-142].

In SPS, the combined effect of high temperature and applied pressure promotes
particle bonding and densification, during which crystallites may reorient in a particular
direction. Factors such as sintering parameters, particle morphology, applied stress, and
cooling rate significantly influence this orientation. A similar phenomenon occurs during
casting, where solidification conditions and cooling rates dictate the crystallographic
alignment of newly formed grains. For hcp metals, preferred orientation is closely linked
to the c/a ratio; in the case of Zn, which has a c/a ratio greater than 1.633, the basal plane
[0002] tends to align parallel to the sample surface or mold wall [143].

4.3 Microstructural characterization of Zn

The surface morphology of both as-cast and SPS-processed Zn samples was examined
using optical microscopy and SEM, as shown in Figure 4.3. The as-cast samples (Figure
4.3-(a,b)) reveal a heterogeneous microstructure with a noticeable presence of twins
(highlighted by yellow arrows). Additionally, regions of fine grains embedded within
larger grains (red arrows) suggest localized recrystallization. However, the SPS samples
shown in Figure 4.3-(c,d) exhibit a well-consolidated microstructure free from visible
defects such as pores or cracks at the observed magnification. This indicates that the SPS
samples approached near-theoretical density (p = 7.1 g/cm?). The enhanced densification
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achieved during SPS is attributed to the combined effects of pressure and temperature,
which promote plastic deformation of powder particles. As noted by Chaim et al. [144],
once the applied stress surpasses the yield strength, densification is facilitated through
plastic deformation. Particle size plays a crucial role in this process, as larger particles
undergo deformation under applied pressure, while smaller ones may locally melt or
evaporate [145]. The resulting microstructure shows a relatively uniform arrangement of
large equiaxed grains, with occasional finer grains and subgrain boundaries within them
[146].
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Figure 4.2. X-ray diffraction patterns for the as-received zinc (Zn) powder and the bulk Zn
samples fabricated by casting and spark plasma sintering processes. Reproduced with
permission from [120].

Figure 4.3. Microstructural comparison of zinc (Zn) samples fabricated by different
processing routes (a,c) optical, and (b,d) scanning electron microscopy images of the Zn
samples fabricated by (a,b) casting, and (c,d) spark plasma sintering processes.
Reproduced with permission from [120].
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To further investigate crystallographic orientation and grain boundary distribution,
EBSD analysis was performed (Figure 4.4-(a-f)). The IPF maps confirm that most grains in
SPS samples are red-colored, indicating that their c-axes are aligned nearly perpendicular
to the sample surface, with basal planes {0001} lying parallel to the surface. The image
quality (IQ) maps with superimposed grain boundaries (Figure 4.4-(b,e)) differentiate
high-angle grain boundaries (HAGBs, >15°, marked in blue) from LAGBs (<15°, marked in
red and green). The as-cast samples contain approximately 33% LAGBs, whereas SPS
samples exhibit a reduced fraction of 15%, mainly confined to sub-grain structures within
larger grains. Fine-grain regions in the SPS samples are dominated by HAGBs, likely due
to strain accumulation. The SPS-processed Zn shows a refined grain size (19 um)
compared to the as-cast material (150 um). The increase in HAGBs and the development
of fine grains suggest dynamic recrystallization, promoted by the concurrent action of
heat and applied pressure during SPS. This results in a bimodal grain structure composed
of both coarse and fine grains. In contrast, the as-cast Zn retains predominantly coarse
grains with extensive twinning. These observations highlight how the differences in
processing routes, casting versus SPS, govern microstructural evolution. SPS enables
grain refinement and recrystallization, while casting preserves a coarser microstructure
with twinning features.
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Figure 4.4. Electron backscattered maps of zinc processed by (a-c) casting, and (d-f) spark
plasma sintering, showing the (a,d) inverse pole figure maps, (b,e) image quality maps,
and (c,f) grain size distribution plot. Reproduced with permission from [120].

4.4 Mechanical behavior of Zn

Figure 4.5 presents the compressive stress-strain and strain-hardening responses of as-
cast and SPS-processed Zn. The SPS samples exhibited a significantly higher yield strength
(0.2% offset, 115+4 MPa) compared to the as-cast samples (60£16 MPa). In contrast, the
ultimate compressive strength (UCS) was higher for the as-cast Zn (274+37 MPa) than for
SPS samples (1916 MPa). The enhanced yield strength in SPS samples can be attributed
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to grain refinement during sintering, where micron and submicron-sized grains are
formed. This trend is consistent with the Hall-Petch relationship as shown in Eq. 4.1.

oy = 0y + kd™/2 (Eq. 4.1)

oy o d™/2

where oy is the yield strength of the materials, oo is the lattice friction stress, k is the Hall-
Petch coefficient, and d is the average grain size of the material. Finer grains (19 um in
SPS Zn) increase grain boundary density, impeding dislocation motion and raising yield
strength, while coarse grains (150 um in as-cast Zn) allow easier dislocation glide,
resulting in lower yield strength. However, the opposite trend was observed for UCS. The
numerous grain boundaries in SPS Zn, while strengthening against yield, also act as
potential crack initiation sites, limiting plastic deformation and lowering UCS. Conversely,
as-cast Zn, with its coarse grains and strong basal texture, facilitates twinning as a major
deformation mechanism [120]. Twinning accommodates additional strain at higher
stresses, thereby enhancing UCS [147]. In SPS Zn, recrystallization suppresses twin
activity due to the obstruction imposed by grain boundaries [148]. As a result,
deformation is mainly carried by dislocation slip, producing higher yield strength but
reduced strain hardening and ultimate strength. Macroscopically, SPS samples displayed
uniform bulging after compression, whereas as-cast samples exhibited irregular
deformation (Figure 4.5-(a) inset). Bulging corresponds to more homogeneous energy
absorption with reduced twin activity. The strain-hardening plots (Figure 4.5-(b)) reveal
that SPS samples show a rapid decline in hardening rate with strain, while as-cast Zn
maintains a plateau, reflecting extended strain hardening capacity associated with its
coarse-grained structure and active twinning.
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Figure 4.5. (a) True compressive stress-strain curves, and (b) corresponding strain
hardening rate plot for zinc samples fabricated by casting and spark plasma sintering.
Reproduced with permission from [120].

4.5 In-vitro biodegradation analysis of Zn

The in-vitro degradation response of the as-cast and SPS-processed Zn samples was
evaluated following ASTM G31-72 standard. Polished samples were immersed in SBF
under physiological conditions for 7, 14, and 21 days. In the first 7 days, the SPS Zn
surface developed a thin and uniform whitish layer, which progressively thickened with
time, accompanied by the uneven accumulation of corrosion products, as shown in
Figure 4.6. After 7 days of immersion, SPS Zn exhibited a degradation rate of 0.1325
mm/year, which aligns with previously reported values [149]. At longer exposure periods
of 14 and 21 days, the rates decreased to 0.0965 mm/year and 0.075 mm/year,
respectively. This reduction in degradation rate is associated with the progressive growth
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of a stable protective layer that limits ion exchange between the alloy surface and the
surrounding medium. In the early stages, however, the initially fragile oxide layer was
prone to localized breakdown, resulting in the formation of surface voids and promoting
further degradation.

Figure 4.6. Scanning electron microscopy images of zinc samples after immersion in
simulated body fluid for 7 and 21 days. (a-c) correspond to the as-cast samples after 7
days of immersion, while (g-i) represent the as-cast samples after 21 days, (d-f)
correspond to the spark plasma sintered samples after 7 days, and (j-I) 21 days of
immersion, respectively. Insets show macroscopic views of the immersed specimens along
with localized high-magnification details of the corroded surface. Reproduced with
permission from [120].

4.6 Electrochemical corrosion analysis of Zn

Figure 4.7 presents the PDP curves of the Zn samples. Corrosion parameters, including
corrosion current density (lcorr) and corrosion potential (Ecorr), were determined using the
Tafel extrapolation method [150—-152], and the results are summarized in Table 4.1. The
Ecorr Values of the as-cast and SPS samples are comparable, though more negative than
the open circuit potential (OCP) values. This difference arises because OCP reflects the
equilibrium state without an external current, while Tafel measurements are recorded
after the samples have been exposed to SBF, where Zn interacts with chloride ions,
accelerating degradation and lowering the potential.
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Figure 4.7. Potentiodynamic polarization curves of as-cast zinc, and spark plasma sintered
samples obtained after immersion in simulated body fluid for 1 hour. Reproduced with
permission from [120].

The anodic polarization behavior indicates an active-to-passive transition for both
samples in SBF. Initially, Zn undergoes active dissolution, after which a passive film forms,
stabilizing the current density within the passive region (Figure 4.7). Once the breakdown
potential (Epp) is reached, the current density rises sharply, signaling transpassive
corrosion. From the Tafel curves, values of leorr, Ecorr, Ip (passivation current density), Egp
(passivation potential), and corrosion rate (CR) were extracted (Table 4.1). Both as-cast
and SPS Zn samples displayed similar cathodic polarization behavior, with Ecor values of
-1.21 and -1.20 V and lorr values of 8.61 and 12.16 pA/cm?, respectively. Upon increasing
potential, a stable passive layer formed, with passivation potentials (E.p) of -1.16 and -
1.15 V and passivation current densities (l,) of 62.0 and 52.9 uA/cm? for the as-cast and
SPS samples, respectively. The lower I, value for SPS Zn suggests improved corrosion
resistance compared to the as-cast sample. At higher potentials, both samples exhibited
a sharp rise in current density, with Ep, of -1.06 V for the as-cast Zn and -1.03 V for the
SPS Zn, indicating passive film breakdown.

The observed variation in Ecor can be primarily attributed to differences in grain size.
SPS Zn exhibited a finer grain size compared to the much coarser grains in the as-cast
condition, resulting in a higher density of grain boundaries per unit volume. Since grain
boundaries possess higher energy and often differ chemically from the bulk, they are
more vulnerable to corrosion. The presence of finer grains also enhances hydrophilicity,
accelerates diffusion, and promotes deeper electrolyte penetration, which can cause
localized pitting, as seen in the SEM micrographs in Figure 4.8.

64



Table 4.1. Polarization data for the as-cast and spark plasma sintered zinc samples

immersed in simulated body fluid [120].

Sample Ecorr (V) leorr lo Epp (V) Vs | Epp(V)vs CR
condition vs SCE (uA/cm?) | (HA/cm?) SCE SCE (mm/yea
r) X10*
As-cast - 8.61+0.1 62.0£3.1 - - 0.60+0.0
1.21+0.0 1 1.16+0.0 1.0610.1 8
2 25 7
SPS - 12.16%0. 52.9+1.2 - - 0.88+0.0
1.20+0.0 9 1.15+0.0 1.030.2 5
35 32 3

Figure 4.8. Scanning electron microscopy images after 1 and 24 hours of potentiodynamic
polarization in simulated body fluid, (a-f) correspond to as-cast Zn after (a-c) 1 hour, and
(d-f) 24 hours of immersion, while (g-1) correspond to spark plasma sintered Zn after (g-i)
1 hour, and (j-I) 24 hours of immersion. Reproduced with permission from [120].

In addition to grain size, crystallographic texture significantly affects corrosion
performance. As shown in Figure 4.7, both as-cast and SPS Zn samples exhibit a stable
passivation layer within the potential range of -1.15 V to -1.05 V. Beyond this range,
passive film breakdown occurs, exposing the underlying material to the electrolyte and
increasing corrosion susceptibility. While SPS Zn demonstrates improved passivation due
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to fine grains, the higher density of grain boundaries also accelerates localized corrosion,
leading to an overall higher corrosion rate compared to as-cast Zn.

Figure 4.8 and Figure 4.9 present the SEM and EDS, respectively, for corroded Zn
samples after immersion in SBF for 1 h and 24 h. After 1 h of polarization, localized
corrosion in the form of pits was observed on both samples. The as-cast Zn exhibited a
higher density of pits with relatively uniform cross-sections concentrated in specific
regions. In contrast, the SPS samples displayed a more widespread corrosion pattern
characterized by deeper grooves within the pits (highlighted in the higher-magnification
image of Figure 4.8), which can be attributed to the higher density of grain boundaries.
The SEM images indicate that corrosion preferentially initiated along grain boundaries,
likely due to their higher reactivity. These boundary regions act as micro-galvanic sites,
enhancing electron transfer and making them more prone to localized attack. While both
as-cast and SPS Zn showed similar electrochemical responses, their corrosion
morphologies differed, reflecting variations in grain structure.

Figure 4.9. Energy-dispersive spectroscopy mapping of zinc (Zn) samples after
potentiodynamic polarization, (a,b) corresponds to as-cast Zn, while (c,d) corresponds to
spark plasma sintered Zn. Reproduced with permission from [120].

4.7 Cytocompatibility assessment of Zn

The cytocompatibility of the Zn samples was assessed using an indirect approach, in
which cells were cultured in conditioned media containing the degradation products of
the material. The cellular response of MC3T3-E1 pre-osteoblasts was quantified in terms
of relative growth rate (RGR) after exposure to the conditioned medium for 1 day and 3
days, while cells maintained in fresh culture medium were used as the control. The
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viability of cells cultured in undiluted (1x, 100%) and diluted (8x, 12.5%) conditioned
media for both incubation periods is presented in Figure 4.10. Figure 4.10-(a) shows the
proliferation behavior of cells exposed to 24 h and 72 h conditioned media after 1 day of
incubation. Upon eightfold dilution, no cytotoxic effects were observed, and both
samples exhibited comparable cell growth rates, consistent with previous findings [153].
In contrast, cells cultured in the undiluted 72 h conditioned medium showed reduced
compatibility, whereas favourable cellular responses were maintained in the diluted
extracts. Figure 4.10-(b) illustrates cell proliferation after 3 days of incubation. A marked
reduction in RGR was observed for cells exposed to the undiluted conditioned media for
both 24 h and 72 h extraction periods. However, no toxicity was detected in the eightfold
diluted conditioned media, and the corresponding cell growth rates were comparable to
those of the control for both extraction durations.
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Figure 4.10. Relative growth rate measured by water-soluble tetrazolium assay for
MC3T3-E1 cells cultured for 24 hours, and 72 hours conditioned media for (a) 1 day, and
(b) 3 days. Cells in fresh medium were taken as the control for each day. The significance
level is taken as p=0.05, i.e., p<0.05(*), p<0.01(*), p<0.001(*), p<0.0001(*) and p>0.05,
non-significant (ns), n=4. Reproduced with permission from [120].

A live-dead assay was conducted to further assess the cytotoxic effects induced by the
leachates released from the samples. The results of the live-dead staining are presented
in Figure 4.11, where viable cells are indicated by green fluorescence and non-viable cells
by red fluorescence. For both samples, the eightfold diluted conditioned media exhibited
only a small number of dead cells on both day 1 and day 3, indicating good
cytocompatibility. In addition, a noticeable increase in cell number was observed on day
3 compared to day 1, demonstrating sustained cell proliferation. In contrast, when cells
were exposed to undiluted (100%) conditioned media, a large fraction of cells detached
following cell death, which is consistent with the observations from the WST assay.
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Figure 4.11. Live-dead stained images of MC3T3-E1 cells treated with conditioned
medium (8x) of as-cast and spark plasma sintered samples after (a) 1, and (b) 3 days of
incubation. Live cells are depicted in green, while dead cells are in red. Cells cultured in
fresh complete media served as the control. Reproduced with permission from [120].

Cellular morphology was further examined using fluorescence microscopy, and
representative images obtained after 1 and 3 days of incubation in conditioned media
are shown in Figure 4.12. Cells cultured in the eightfold diluted conditioned media
displayed well-developed morphology with uniformly distributed and organized actin
filaments.

In both samples, the cells exhibited good spreading behavior comparable to that of
the control group, further confirming the non-toxic nature of the eightfold dilution.
However, cells exposed to the undiluted conditioned media in both cases showed
stressed and compromised morphology. Based on these observations, it can be
concluded that both SPS-processed and as-cast Zn samples demonstrate comparable and
favourable cytocompatibility. At eightfold dilution, no cytotoxic effects were detected,
with healthy cell proliferation and morphology similar to the control, whereas the
undiluted extracts resulted in reduced cell viability and stressed cellular features. These
results indicate that both SPS and as-cast Zn are suitable for potential biomedical
applications when appropriately diluted.
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Figure 4.12. Fluorescent images of MC3T3 cells treated with conditioned media after (a)
1 and (b) 3 days of incubation, showing actin filaments (green) and nuclei (blue). The
control represents cells treated with fresh complete medium. Reproduced with permission
from [120].

4.8 Summary

The current chapter systematically compared SPS Zn with conventionally cast Zn in terms
of microstructure, mechanical, corrosion, and biological behavior. SPS processing refined
the grain size, reduced texture intensity, and significantly enhanced CYS, though the
ultimate strength was lower than that of cast Zn. Corrosion analysis revealed that SPS Zn
exhibited a stable and gradual degradation profile in SBF due to the formation of a
protective corrosion layer, while cytocompatibility tests confirmed that both SPS and cast
Zn supported cell viability and proliferation, especially at diluted extract concentrations.

Overall, the results demonstrate that SPS is an effective processing route for tailoring
the microstructure and degradation characteristics of Zn, making it a promising
biodegradable metallic material for implant and tissue engineering applications.
However, while Zn offers controlled biodegradation, its relatively limited mechanical
strength restricts its direct use in load-bearing implants. Therefore, combining Zn with a
mechanically stable metallic framework offers a promising pathway to achieve both
structural integrity and controlled biodegradation. In this context, the following chapter
investigates the feasibility of hybrid manufacturing approaches for integrating different
metallic material systems, establishing the foundation for developing multimaterial
architectures through combined AM and PM routes.
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5 Development of novel partially biodegradable Ti64-Zn
MBMC by a hybrid manufacturing approach

This chapter focuses on the development of a novel Ti64-Zn MBMC system that combines
the structural stability of Ti64 with the controlled biodegradability of Zn. Prior studies have
demonstrated that hybrid manufacturing approaches integrating AM and PM can
successfully produce metallic multimaterials using a variety of precursor systems [154].
Hexagonal lattices fabricated from Ti64 and 316L SS have been effectively infiltrated with
secondary metallic phases like Mg, Al, Fe, Ni, and Cu. The resulting composite is structurally
stable with well-defined phase distribution and minimal interfacial reactions [154].

Building on this framework, the present chapter introduces a strengthening strategy
by integrating a Ti64 framework with Zn to fabricate a partially degradable Ti64-Zn
MBMC. The design concept follows the principle of IPCs, where a Ti64 honeycomb lattice
with continuous wall architecture was engineered to infiltrate Zn within its individual
continuous network. The continuous wall architecture was chosen to maintain structural
stability while effectively retaining Zn inside the composite. Inspired by natural
honeycomb structures, this biomimetic geometry was adopted for its remarkable
strength-to-weight ratio, excellent energy absorption capacity, and superior mechanical
stability. The interconnected hexagonal arrangement enhances load distribution,
improves impact resistance, and minimizes material consumption while maintaining high
integrity. By combining the biocompatibility and mechanical robustness of Ti64 with the
biodegradable nature of Zn, the developed MBMC aims to achieve a balance between
mechanical reliability and controlled degradation, offering a promising pathway toward
next-generation biodegradable metallic implants.

5.1 Phase and microstructural analysis of Ti64-Zn MBMC

Figure 5.1 displays the XRD patterns of SPS-processed Zn, SLM-processed Ti64 hexagonal
structures, and the developed Ti64-Zn MBMC, along with their respective feedstock
powders (Zn and Ti64). The diffraction peaks of both feedstock powders confirm a single-
phase structure, with no evidence of impurities within the detectable limits of XRD. The
SLM-fabricated Ti64 lattice exhibits a/a’ martensitic phases, a typical outcome of the
rapid cooling inherent to the SLM process [155,156]. For the SPS Zn samples, the patterns
confirm a single-phase HCP structure without additional peaks, indicating the absence of
oxidation or secondary phases during sintering. A shift in peak intensity between Zn
powder and SPS Zn is noticeable, which can be attributed to preferred orientation
effects, as reported in [120]. In the case of the Ti64-Zn MBMC, the diffraction pattern
clearly reveals the coexistence of Zn (HCP) and a/a’ Ti phases. The relatively lower peak
intensity of Ti in the MBMC compared to the SLM Ti64 structure arises from its smaller
volume fraction within the composite. Importantly, no extra peaks associated with
intermetallic or secondary compounds are detected, confirming the absence of
interfacial reactions and validating that the fabrication process preserved the structural
integrity of both phases.
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Figure 5.1. X-ray diffraction patterns for the as-received powders, spark plasma sintered
zinc (Zn), selective laser melted Ti6Al4V (Ti64) hexagonal lattice, and the Ti64-Zn metallic
bimetal composite. Reproduced with permission from [121].

The architecture and phase distribution of the Ti64-Zn MBMC were examined using
three-dimensional X-ray tomography (micro-CT), as shown in Figure 5.2-(a,b). The Ti64
architecture, reconstructed by thresholding the Zn sub-volumes, reveals a honeycomb-
like interconnected geometry that is consistent with the design intent, despite
differences in composition. Quantitative tomography analysis indicated that the
bioinspired hexagonal Ti64 phase occupies a volume fraction of 27+1.5%. Based on the
rule of mixtures, the theoretical density of the composite was calculated as 6.42+0.05
g/cm3, which is in close agreement with the experimentally measured density of
6.63+0.06 g/cm3. Furthermore, the 3D reconstructions confirmed that Ti64 and Zn
phases are uniformly distributed throughout the structure. These observations strongly
validate the classification of the developed MBMC, accurately reflecting its distinctive
structural and compositional features.
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Figure 5.2. Micro computed tomography volume-rendered images of the Ti6Al4V-Zinc
(Ti64-Zn) metallic bimetal composite showing (a) Zn distribution and (b) Ti64 hexagonal
structure. Reproduced with permission from [121].

The surface morphology and microstructural characteristics of Zn and Ti64 within
selected regions of the composite are presented in Figure 5.3 and Figure 5.4. Figure 5.3
shows that the hexagonal Ti64 lattice is uniformly distributed throughout the composite,
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preserving its original architecture without notable distortions after SPS, indicating the
suitability of the processing parameters for MBMC fabrication. SEM images at different
magnifications (Figure 5.3-(a-c)) and EDS maps (Figure 5.3-(d)) reveal well-defined, crack-
free and pore-free interfaces between Ti64 and Zn. EDS analysis further confirms the
absence of interfacial reactions between the matrix (Zn) and reinforcement (Ti64),
consistent with XRD results.
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Figure 5.3. Scanning electron microscopy (SEM) images and energy-dispersive
spectroscopy (EDS) maps of the Ti6Al4V-zinc (Ti64-Zn) metallic bimetal composite, (a-c)
SEM images acquired at different magnifications showing, (a) overview of the composite
highlighting different phases, (b) intermediate-magnification image of the triple-junction
region, (c) high-magnification view of the metal-metal interface between the Zn matrix
and Ti64 lattice, and (d) EDS maps obtained at two magnifications, illustrating the spatial
distribution of elements. Reproduced with permission from [121].

EBSD analysis of the MBMC in Figure 5.4 shows that Zn exhibits a bimodal grain
structure, comprising coarse circular grains with embedded finer grains, and sub-grain
boundaries present within the larger grains. The IPF maps (Figure 5.4-(b,c)) indicate that
most grains are red-colored, suggesting that their c-axes are oriented approximately
parallel to the specimen normal, with basal planes {0001} nearly aligned with the surface.
The Ti64 microstructure (Figure 5.4-(d)) displays a fine acicular a/a’ martensitic structure,
corroborating the XRD results similar to those reported in Chapter 3. The needle-like
martensite forms due to rapid cooling during SLM, facilitating the transformation of prior
B phase into a/a’ laths following the Burgers orientation relationship [130,157,158]. IPF
map in Figure 5.4-(e) shows that the a’ laths are randomly oriented, likely a consequence
of the rapid thermal gradients and heterogeneous nucleation during SLM [159]. KAM
maps reveal higher local misorientations in the SLM Ti64 regions, especially near
martensitic interfaces (Figure 5.4-(f)), reflecting increased dislocation density from rapid
B = a/a’ transformation [160,161]. In contrast, the SPS-processed Zn exhibits relatively
uniform strain distribution within sub-grains (Figure 5.4-(a-c)), indicating that
densification was dominated by diffusion and grain boundary sliding rather than
dislocation-mediated plasticity. The low KAM values for Zn suggest minimal plastic strain,
likely facilitated by the low processing temperature and the material’s inherent softness.
Quantitatively, SLM Ti64 shows a higher localized strain and dislocation density (KAM =
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4.96) compared to SPS Zn (KAM = 3.1), highlighting the differences in microstructural
evolution and strain accumulation between the two processing routes.
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Figure 5.4. Scanning electron microscopy images, and electron backscatter diffraction
maps of (a-c) zinc, and (d-f) Ti6AI4V struts. showing the (a,d) microstructure, (b,e) inverse
pole figure maps, and (cf) kernel average misorientation maps. Reproduced with
permission from [121].

5.2 Mechanical behavior of Ti64-Zn MBMC

The mechanical behavior of the Ti64-Zn MBMC was assessed using Vickers
microhardness and compression testing. Figure 5.5-(a—c) shows the Vickers indentations
on Ti64 and Zn regions, along with the corresponding hardness profile and indentation
map, highlighting the variation in hardness across different phases of the composite. The
Ti-rich areas exhibit an average hardness of 440+10 HV,1, whereas the Zn-rich regions
show a substantially lower hardness of 44+2 HV,;. The elevated hardness in Ti64 is
attributed to the a’ Ti martensitic microstructure formed due to rapid solidification
during AM. Additionally, the unique spatial arrangement of Ti64 and Zn, coupled with
their significant hardness contrast, produces a sinusoidal hardness profile (Figure 5.5-
(d)), a distinctive feature of MBMCs fabricated via the combined SPS and SLM processing.

Figure 5.6 presents the compressive engineering stress-strain response of the Ti64-Zn
MBMC, alongside SPS Zn and SLM Ti64 hexagonal lattices. Fractured samples are also
shown as insets. The Ti64-Zn MBMC exhibits a CYS of 265+25 MPa and an ultimate
compressive strength (UCS) of 292425 MPa, values that are significantly higher than
those of SPS Zn and SLM Ti64 lattice, as summarized in Table 5.1. Fractography indicates
interfacial cracking between Ti64 and Zn phases, suggesting that crack propagation is
influenced by phase partitioning and effective load distribution within the composite.
Upon implantation, the biodegradable Zn phase is expected to degrade gradually,
causing a progressive reduction in the composite’s strength, while the bioinert Ti64
scaffold maintains structural stability. Simultaneously, the formation of pores due to Zn
degradation will facilitate osseointegration and bone ingrowth, eventually resulting in a
bone-Ti64 interpenetrating network that ensures long-term mechanical support and
enhanced implant stability [103].
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Figure 5.5. Hardness profile of Ti6Al4V-Zinc (Ti64-Zn) metallic bimetal composite, (a, b)
representative indents on Ti64, and Zn surfaces at 0.1 kgf load, (c) microstructural region
showing positions of indents, and (d) hardness profile map illustrating the variation of
hardness across the composite surface. Reproduced with permission from [121].

Table 5.1. Comparison of compressive properties of the Ti6Al4V-Zinc (Ti64-Zn) metallic
bimetal composite, spark plasma sintered Zn, and selective laser melted Ti64 hexagonal
structures [121].

Sample Compressive yield strength Ultimate compressive strength
composition (MPa) (MPa)
Ti64 Hexagon 165+2 182+13
Zn (SPS) 11545 19116
Ti64-Zn (MBMC) 26525 292425
350 —Ti64 Hexagon (SLM)
=300 — Zn (SPS)

T

0 01 02 03 04 05

True strain (mm/mm)

Figure 5.6. True compressive stress-strain curves of Ti6Al4V-Zinc (Ti64-Zn) metallic
bimetal composite, selective laser melted Ti64 hexagonal lattice, and spark plasma
sintered Zn. Inset images show representative fracture surfaces for each sample.
Reproduced with permission from [121].
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5.3 In-vitro biodegradation analysis of Ti64-Zn MBMC

The degradation behavior and rate of the Ti64-Zn MBMC were investigated by immersing
the samples in SBF for varying durations, with periodic weight measurements taken every
7 days. For comparison, SPS Zn and bulk SLM Ti64 were also incubated under identical
conditions. During the initial stages, a thin white layer uniformly formed on the MBMC
surface. As immersion progressed, the layer thickened, and degradation products
accumulated unevenly, as shown in Figure 5.7. After 7 days, the Ti64-Zn MBMC exhibited
a degradation rate of 0.1577 mm/year, slightly higher than that of SPS Zn at 0.1325
mm/year, while bulk SLM Ti64 showed negligible weight loss due to its bioinert nature.
The composite’s degradation rate is lower than that of pure Mg and Mg-based
composites [162,163], which is advantageous for biomedical applications. The elevated
degradation in the composite is primarily attributed to galvanic coupling between Zn and
Ti64, where the rate depends on the exposed surface areas of both constituents and their
interaction with the electrolyte. During early immersion, the initially weak oxide layer on
Zn undergoes continuous breakdown, forming surface voids and initiating progressive
degradation. At extended immersion times of 14 and 21 days, the degradation rate of
Ti64-Zn MBMC decreased to 0.0872 mm/year and 0.0845 mm/year, respectively. This
reduction is ascribed to the formation of a thicker protective layer, limiting ion exchange
between the composite and the surrounding medium. A similar trend was observed for
SPS Zn, while bulk SLM Ti64 remained essentially unaffected, as summarized in Table 5.2.

SEM images of Ti64-Zn MBMC after 21 days of immersion at different locations and
maghnifications are presented in Figure 5.7-(a-f). Figure 5.7-(a) shows the overall surface,
revealing a uniform oxide layer with accumulation of degradation products along the
periphery. Higher magnification images at the center and near the Ti64-Zn interface
(Figure 5.7-(b,c)) depict an oxide-rich surface layer.

Figure 5.7. Scanning electron microscopy images of Ti6Al4V-Zinc metallic bimetal
composite samples after immersion in simulated body fluid for 21 days, (a) overall surface
image, (b), and (c) higher magnification images from the center and at the interfacial
region respectively, (d) presence of circular patches on the surface, (e) magnified view of
patches showing petal-like structures suggestive of an apatite layer formation, and (f)
high-magnification image revealing rectangular and irregularly shaped crystals, possibly
indicating the apatite crystallization. Reproduced with permission from [121].
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Table 5.2. Degradation data in mm/year for Ti6Al4V-Zn metallic bimetal composite, spark
plasma sintered Zn, and bulk selective laser melted Ti6Al4V after incubation in simulated
body fluid as a function of varying time [121].

Samples After 7 days After 14 days After 21 days
Ti64-Zn (MBMC) | 0.1577+0.0100 | 0.0872+0.0100 | 0.0845%0.0300
SPS Zn 0.13250.0800 | 0.0965+0.1000 | 0.0858+0.0500
SLM bulk Ti64 0 0.0072+0.0100 | 0.000410.0100

Circular patches observed in certain regions (Figure 5.7-(d), highlighted in yellow) and
the petal-like floral structures in Figure 5.7-(e) suggest the formation of apatite, a calcium
phosphate layer resembling the formation of natural HAp (Cai0(PO4)s(OH),). The high-
magnification image in Figure 5.7-(f) further reveals multiple rectangular and irregular
crystals, reinforcing the likelihood of apatite layer formation. EDS elemental maps of a
single hexagonal unit and the interface (Figure 5.8-(a,b)) confirm a uniform oxide layer
and the presence of calcium (Ca) and phosphorus (P). Point EDS analysis of Figure .7-(f)
indicates a Ca/P atomic ratio of 0.96, which is lower than the ideal HAp ratio of 1.67, but
supports the formation of a calcium phosphate-based apatite layer. These observations
indicate the bioactivity of Ti64-Zn MBMC under simulated physiological conditions.

Further insights into surface degradation were obtained by SEM imaging after
removing the oxide layer and corrosion products (Figure 5.9-(a-f)). Figure 5.9-(a) provides
an overview of a single hexagonal unit, showing uniform and controlled degradation
across Zn-rich regions. Higher magnification (Figure 5.9-(b)) highlights widespread
surface degradation, and Figure 5.9-(c) shows deep grooves within corrosion pits,
indicating preferential dissolution along grain boundaries due to higher electrochemical
activity and localized micro-galvanic effects.

Figure 5.8. Energy dispersive spectroscopy mapping of the Ti6Al4V-Zn metallic bimetal
composite surface after 21 days in simulated body fluid, (a) elemental distribution across
a single hexagonal unit, and (b) at the interfacial region. Reproduced with permission
from [121].

The interfacial region (Figure 5.9-(d-f)) exhibits uneven degradation, with widened
gaps at the Ti64-Zn junction, signifying accelerated Zn degradation while Ti64 remains
stable. This behavior is driven by enhanced ion exchange facilitated by galvanic coupling,
consistent with observations in other dissimilar metallic systems such as Ti-Mg and Ti-Zn
[164,165], supporting the proposed degradation mechanism in the present study.
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Figure 5.9. Scanning electron microscopy images of the Ti6Al4V-Zinc (Ti64-Zn) metallic
bimetal composite (MBMC) after removal of the oxide layer and corrosion products, (a)
overall view of a single hexagonal unit, (b) magnified Zn-rich region, (c) higher
magnification highlighting deep grooves within corrosion pits, and (d-f) Ti64-Zn
interfacial region at varying magnifications. Reproduced with permission from [121].

5.4 Electrochemical corrosion behavior of Ti64-Zn MBMC

To assess the corrosion response of the fabricated composite, PDP tests were performed
in SBF to mimic physiological conditions. The electrochemical response of the Ti64-Zn
MBMC was compared against SPS-processed Zn and bulk Ti64, which served as reference
samples. The PDP curves of Ti64-Zn MBMC, SPS-processed Zn, and SLM-processed Ti64
are shown in Figure 5.10, providing a comparative evaluation of their electrochemical
behavior. Ecorr and lorr were determined using the Tafel extrapolation method, and the
corresponding values are summarized in Table 5.3. E.r reflects the tendency of a
material toward corrosion, where more negative values indicate higher susceptibility to
electrochemical activity. In contrast, I represents the degradation rate, with lower
values corresponding to improved corrosion resistance and slower dissolution kinetics.
The analysis mainly focuses on comparing pure Zn and the Ti64-Zn MBMC, as Ti64 is
inherently bioinert and nondegradable; however, examining its electrochemical
response remains important for implant-related applications [166].

The bulk SLM Ti64 sample exhibited an Ecorr of -264 mV and an leorr of 3.35 pA/cm?,
values that align well with those typically reported for Ti64 alloys. Similar electrochemical
response for additively manufactured Ti64 immersed in SBF was also observed by Chen
et al. [167]. In comparison, Zn demonstrated an Ecor Of -1180 mV and an I of 0.045
puA/cm?. When the Ti64-Zn MBMC was exposed to the SBF environment, it displayed an
Ecorr 0f -1185 mV, slightly more negative than Zn, indicating comparable electrochemical
activity. Interestingly, the I for Ti64-Zn composite was 0.027 pA/cm?, which is lower
than that of SPS Zn, suggesting that the composite undergoes a slower degradation
process despite its more negative Ecorr. To further investigate the corrosion mechanism,
SEM analysis was carried out.
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Figure 5.10. Potentiodynamic polarization curve of Ti6Al4V-Zinc (Ti64-Zn) metallic
bimetal composite, selective laser melted Ti64, and spark plasma sintered Zn samples
obtained after immersion in simulated body fluid for 1 hour. Reproduced with permission
from [121].

Table 5.3. Polarization data of the Ti6Al4V-Zinc metallic bimetal composite in comparison
to the spark plasma sintered Zn and selective laser melted Ti6Al4V bulk sample immersed
in simulated body fluid for 1 hour [121].

Samples Ecorr (MV) VS SCE | leor (MA/cm?) | 1, (WA/cm?) | Epp (MV) vs SCE
Ti64-Zn MBMC -1185+60 0.027+0.010 | 7.50+1.01 -754+7

Zn (SPS) -1180+48 0.046+0.010 | 6.66+0.89 -77415
Ti64 bulk (SLM) -264+110 3.355+0.600 | 4.68+0.24 42917

SEM images of corroded SPS Zn and Ti64-Zn MBMC samples in SBF are shown in Figure
5.11. As demonstrated in Figure 5.11 and supported by previous studies, bulk SLM Ti64
exhibits superior corrosion resistance, primarily due to the formation of a protective TiO,
passive layer that inhibits pitting and surface degradation [166,168]. In contrast, SPS Zn
and Ti64-Zn MBMC exhibited localized corrosion, with noticeable differences in pit
morphology (Figure 5.11). High-resolution SEM images of Zn-rich zones in the MBMC
(Figure 5.11-(e,f)) revealed uniformly distributed corrosion pits, most likely due to the
abundance of grain boundaries serving as preferential dissolution sites [120]. At the Ti64-
Zn interface (Figure 5.11-(g)), active corrosion was evident, whereas the Ti64 surface
remained intact, smooth, and pits-free, as confirmed in Figure 5.11-(i), supporting its
passive and bioinert nature. The interface corrosion is primarily driven by galvanic
coupling between Ti64 and Zn. The high electrochemical potential difference between
Ti64 (-250 mV) acting as the cathode and Zn (-1200 mV) as the anode promotes
accelerated dissolution of Zn [166].

Ti64's higher resistance to corrosion is attributed to the formation of a protective TiO,
layer, which provides strong resistance against Cl-ion attack in SBF [167]. In contrast, Zn
and its alloys are more anodic, degrading more readily in chloride-rich media with the
concurrent release of Zn?* ions. Consequently, the Ti64-Zn MBMC exhibits a lower Ecorr
and higher passivation current (l,). The distinct interfacial gap observed in Figure 5.11
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likely results from enhanced ion transport during galvanic interactions between Ti64 and
Zn. Importantly, the lower I value for the composite highlights that its degradation
remains controlled, supporting its suitability for biomedical implants where a moderate
and predictable degradation rate is desired. These electrochemical findings are
consistent with the in-vitro immersion studies discussed in the previous sections,
collectively confirming the controlled degradation characteristics of the Ti64-Zn MBMC.

Figure 5.11. Scanning electron microscopy images after 1 hour of potentiodynamic
polarization in simulated body fluid, (a-c) spark plasma sintered Zn surfaces at different
magnifications, (d-f) Ti6Al4V-Zinc (Ti64-Zn) metallic bimetal composite (MBMC) surfaces
depicting a complete hexagonal unit and localized corrosion within Zn-rich regions away
from Ti64, and (g-i) Ti64-Zn MBMC at interfacial regions. Reproduced with permission
from [121].

5.5 Cytocompatibility assessment of Ti64-Zn MBMC

The in-vitro biological performance of the composite was evaluated using an indirect
approach, where the cellular response to the degradation products was studied. MC3T3-
E1 pre-osteoblast cells were cultured in a conditioned medium prepared from the
composite, following the method described in Section 2.4.4. Cell proliferation was
quantified in terms of the RGR after 1 and 3 days of incubation, with fresh medium
serving as the control. The RGR values of the composite were compared to those of SPS
Zn and SLM Ti64 under identical conditions. As shown in Figure 5.12, cell viability in both
1x and 8x extracts (representing 100% and 12.5% dilutions of conditioned medium) was
assessed after 24 h and 72 h. Cells exposed to the undiluted (1x) extract of the composite
displayed reduced viability compared to SLM Ti64, while SPS Zn exhibited a similar
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response, likely due to higher Zn ion concentrations in solution. In contrast, when the
medium was diluted 8x, no cytotoxic effects were observed, and viability was
comparable to Ti64 and Zn controls. A similar trend persisted for 72 h extracts, where 1x
dilutions of both Ti64-Zn MBMC and SPS Zn led to reduced growth, whereas 8x dilutions
supported healthy proliferation. Figure 5.12-(b) further confirms that after 3 days of
incubation, cell proliferation in 8x extracts remained comparable to the control, with RGR
exceeding 75%, meeting the noncytotoxic criteria outlined in cytotoxicity standards
[169,170].
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Figure 5.12. Relative growth rate measured by water-soluble tetrazolium assay for
MC3T3-E1 cells cultured for 24 hours and 72 hours, conditioned medium for (a) 1 day, and
(b) 3 days. Cells in fresh medium were taken as the control for each day. The significance
level is taken as p=0.05, i.e., p<0.05(*), p<0.01(*), p<0.001(*), p< 0.0001(*), and p>0.05,
non-significant (ns), n=3. Reproduced with permission from [121].

To further validate cytocompatibility, live-dead staining was conducted as shown in
Fig. 6.13. Green fluorescence (live cells) dominated in all groups after 1 and 3 days of
incubation in 8x diluted extracts, with the presence of very few dead cells (red), similar
to the control. Moreover, an increase in live cell density over time confirms active
proliferation. However, in the case of 1x dilution, most cells detached after death, which
aligns with the findings from the WST assay. Fluorescence microscopy (Figure 5.14)
revealed well-spread cell morphology on MBMC surfaces in 8x extracts, comparable to
SPS Zn, SLM Ti64, and the control medium. However, under 1x conditions, both the
composite and SPS Zn showed stressed cell morphologies, consistent with elevated Zn?*
concentrations in the medium.

Overall, the Ti64-Zn MBMC demonstrated good cytocompatibility, particularly under
8x dilution, where healthy proliferation and normal cell morphology were maintained.
These observations align with reports that low concentrations of Zn?* ions stimulate
cellular activity in human vascular cells [171,172] and play a role in immune regulation
[173]. In contrast, exposure to 100% conditioned medium resulted in reduced cell
viability and signs of cellular stress. These results confirm that the bioinspired partially
biodegradable Ti64-Zn MBMC exhibits excellent biocompatibility at 8x dilution, making
it a promising candidate for biomedical applications.
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Figure 5.13. Live-dead stained images of MC3T3-E1 cells treated with conditioned
medium (8x) of spark plasma sintered zinc (Zn), selective laser melted Ti6Al4V (Ti64), and
Ti64-Zn metallic bimetal composites after (a) 1 day, and (b) 3 days of incubation. Live cells
are depicted in green, while dead cells are in red. Cells cultured in fresh complete medium
served as the control. Reproduced with permission from [121].
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Figure 5.14. Fluorescence images of MC3T3-E1 cells treated with conditioned medium
after (a) 1 and (b) 3 days of incubation, showing actin filaments (green) and nuclei (blue).
The control represents cells treated with fresh complete medium. Reproduced with
permission from [121].
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5.6 Summary

This chapter focused on the development and comprehensive evaluation of a novel,
partially biodegradable Ti64-Zn MBMC fabricated using a hybrid manufacturing approach
that combines AM and PM. A bioinspired Ti64 honeycomb lattice, produced by SLM,
served as the structural framework, while Zn was infiltrated and consolidated using SPS
to form the MBMC. Detailed structural characterization confirmed the successful
integration of both phases without interfacial reactions or secondary phase formation.
Microstructural analysis revealed that Ti64 retained its acicular a’ martensitic
morphology, while Zn exhibited a bimodal grain structure, ensuring mechanical stability
and controlled degradability.

Mechanical testing demonstrated that the Ti64-Zn MBMC exhibited superior
compressive strength and hardness compared to pure Zn, with distinct sinusoidal
hardness arising from the periodic distribution of Ti64 and Zn. Electrochemical studies
indicated that the composite undergoes controlled corrosion, with Zn serving as the
sacrificial phase while Ti64 maintained stability through passivation. Long-term
immersion in SBF showed a gradual reduction in degradation rate due to the formation
of protective layers, while surface analyses confirmed the development of calcium
phosphate-based apatite, highlighting the bioactivity of the composite. In-vitro
cytocompatibility assessments using MC3T3-E1 pre-osteoblasts demonstrated favorable
cell viability and proliferation at diluted extract concentrations, with negligible cytotoxic
effects under 8x dilution. Live-dead and fluorescence microscopy confirmed healthy cell
morphology and spreading, reinforcing the biocompatibility of the MBMC. Overall, the
chapter establishes the Ti64-Zn MBMC as a promising candidate for next-generation
biomedical implants. By combining the mechanical robustness and structural integrity of
Ti64 with the controlled biodegradability and bioactivity of Zn, the hybrid composite
design effectively bridges the gap between permanent and fully resorbable implants,
offering a pathway toward multifunctional, partially biodegradable biomaterials.
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6 Conclusion and outlook of the thesis

6.1 Conclusion

In this work, a bioinspired Ti64-Zn MBMC was developed for partially biodegradable
load-bearing implant applications using a hybrid manufacturing approach. A porous Ti64
framework was fabricated by SLM to provide structural support. The degradable Zn
phase was incorporated into the Ti64 scaffold using spark plasma sintering. The hybrid
SLM-SPS route enabled the feasibility of integrating dissimilar metals. The developed
system was evaluated in terms of phase stability, microstructure, mechanical integrity,
corrosion, and biodegradation behavior, and in-vitro cytocompatibility. The following
conclusions can be drawn from this study:

Comparative evaluation of Ti64 processed by SLM and SPS demonstrated that the
fabrication route significantly influenced microstructure and performance. SLM
produced a refined acicular a’ martensitic structure with higher hardness and
superior bilogical responses under physiological conditions.

SPS processing of commercially pure Zn resulted in improved densification and
microstructural refinement compared to the as-cast condition. Enhanced mechanical
properties and a more controlled degradation response were observed, along with
acceptable in-vitro cytocompatibility under physiological conditions.

A Ti64-Zn MBMC was successfully fabricated with a bioinspired porous Ti64 scaffold
acting as the reinforcement phase and Zn as the matrix phase. The structural integrity
of the Ti64 framework was retained after SPS consolidation. Phase analysis of the
composite confirmed the coexistence of Ti64 and Zn without the formation of
detrimental intermetallic phases, indicating good metallurgical compatibility
between the constituent materials. Mechanical evaluation revealed improved
compressive strength compared to pure Zn and stable deformation behavior suitable
for load-bearing conditions. Electrochemical and immersion studies demonstrated
controlled degradation of the Zn phase. Surface apatite formation was observed,
indicating  bioactive behavior under physiological conditions. In-vitro
cytocompatibility assessment confirmed a favourable cellular response, supporting
the biological safety of the developed composite.

6.2 Outlook

Looking forward, several research directions can extend the impact of this work:

Long-term animal studies are required to assess the composite’s degradation kinetics,
osseointegration, and biological safety under dynamic physiological conditions.
Modifying the Ti64 lattice design and Zn infiltration strategy could further balance
mechanical performance and degradation behavior.

Applying bioactive coatings, alloying elements, or ion doping may regulate Zn ion
release, accelerate apatite formation, and enhance osteogenesis.

The hybrid approach could be extended to other material combinations (e.g., Ti-Mg, Ti-
Fe, or other biocompatible systems) to design composites with tailored degradation
rates and multifunctionality.

Coupling lattice-based architecture with SLM offers opportunities to produce patient-
specific implants with spatially graded degradation and mechanical properties.
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Abstract

Design and Development of Novel Partially Biodegradable
Composite by Hybrid Manufacturing

The development of biomaterials that closely replicate the structural, mechanical, and
biological functions of natural bone remains a critical challenge in orthopedic and tissue
engineering applications. Conventional metallic implants such as Ti64, SS, and Co-Cr
alloys provide excellent mechanical strength but suffer from stress shielding and long-
term incompatibility due to their nondegradable nature. Conversely, biodegradable
metals like Mg, Zn, and Fe offer controlled resorption and reduced long-term
complications, yet their mechanical limitations restrict their use in load-bearing
environments. This thesis addresses these challenges by systematically investigating Ti64
and Zn as potential candidates for developing next-generation partially biodegradable
metallic systems through advanced manufacturing approaches.

The work begins with a detailed evaluation of Ti64 fabricated using SPS and SLM. SLM-
processed Ti64 exhibited a fine o' martensitic microstructure, superior hardness,
enhanced mechanical strength, and improved cytocompatibility response compared to
SPS-Ti64. Similarly, SPS-processed Zn demonstrated refined grain morphology,
controlled degradation behavior, and favorable biological response, outperforming
conventionally cast Zn. These findings established Ti64 and Zn as structurally and
biologically complementary materials.

The central contribution of this work is the development of a novel Ti64-Zn MBMC. A
bioinspired Ti64 hexagonal lattice fabricated via SLM served as the structural scaffold,
into which Zn was infiltrated using SPS. The resulting composite exhibited a continuous
architecture, suitable mechanical properties, predictable degradation behavior, and
excellent cytocompatibility at diluted ion concentrations. Importantly, the Ti64 scaffold
maintained mechanical integrity as Zn gradually degraded, demonstrating the potential
for controlled load transfer and enhanced bone regeneration.

Overall, this thesis presents a comprehensive pathway for designing partially
biodegradable metallic composites using hybrid AM-PM approaches and establishes
Ti64-Zn MBMC as a promising candidate for next-generation biomedical implants.
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Lihikokkuvote

Uue Osaliselt Biolaguneva Komposiidi Projekteerimine ja
Viljatootamine Hiibriidtootmise Teel

Biomaterjalide valjatootamine, mis jaljendavad tapselt loodusliku luu struktuurilisi,
mehaanilisi ja bioloogilisi funktsioone, on ortopeedilistes ja koetehnoloogia rakendustes
endiselt kriitilise tahtsusega valjakutse. Tavaparased metallimplantaadid, nagu Ti64,
roostevaba teras ja Co-Cr sulamid, pakuvad suureparast mehaanilist tugevust, kuid
kannatavad pingekaitse ja pikaajalise kokkusobimatuse all oma mittelaguneva olemuse
tottu. Seevastu biolagunevad metallid, nagu Mg, Zn ja Fe, pakuvad kontrollitud
resorptsiooni ja vahendavad pikaajalisi tusistusi, kuid nende mehaanilised piirangud
piiravad nende kasutamist koormust kandvates keskkondades. See vaitekiri kasitleb neid
valjakutseid, uurides siistemaatiliselt Ti64 ja Zn kui potentsiaalseid kandidaate jargmise
polvkonna osaliselt biolagunevate metallsiisteemide arendamiseks tdiustatud
tootmismeetodite abil.

Too algab SLM-i ja SPS-i abil valmistatud Ti64 detailse hindamisega. SLM-t66deldud
Ti64-l oli SPS-Ti64-ga vorreldes peen a' martensiitne mikrostruktuur, parem kdvadus,
suurem mehaaniline tugevus ning parem . Samamoodi naitas SPS-t6ddeldud Zn
rafineeritud teramorfoloogiat, kontrollitud lagunemiskditumist ja soodsat bioloogilist
reaktsiooni, edestades tavaparaselt valatud Zn-i. Need leiud kinnitasid, et Ti64 ja Zn on
struktuurilt ja bioloogiliselt teineteist tdiendavad materjalid.

Selle t66 keskseks panuseks on uudse Ti64-Zn MBMC valjatodtamine.
Struktuurkarkassina toimis SLM abil valmistatud bioloogiliselt inspireeritud Ti64
kuusnurkne vore, millesse SPS-i abil infiltreeriti Zn. Saadud komposiidil oli pidev
labipdimuv  arhitektuur, kohandatud mehaanilised omadused, prognoositav
lagunemiskaitumine ja suurepéarane tsiitosobivus lahjendatud ioonkontsentratsioonide
korral. Oluline on see, et Ti64 karkass sailitas mehaanilise terviklikkuse Zn jarkjargulise
lagunemise ajal, mis nditab potentsiaali kontrollitud koormuse Ulekandmiseks ja luu
regeneratsiooni paranemiseks.

Kokkuvottes esitab see vaitekiri tervikliku tee osaliselt biolagunevate
metallkomposiitide kujundamiseks hiibriidsete AM-PM meetodite abil ning seab Ti64-Zn
MBMC-d paljulubavateks kandidaatideks jargmise polvkonna biomeditsiiniliste
implantaatide jaoks.
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Abstract
Titanium (Ti) and its alloys are widely used in orthopedic applications, including total
E';)e‘f:tfgsr hip and knee replacements, bone plates, and dental implants, because of their superior

biocompatibility, bioactivity, corrosion resistance, and mechanical robustness. These alloys
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effectively overcome several limitations of conventional metallic implants, such as 316L

Received: 31 October 2025
Revised: 22 November 2025
Accepted: 1 December 2025
Published: 4 December 2025

stainless steel and Co-Cr alloys, particularly with respect to corrosion, fatigue performance,
and biological response. However, dense Ti alloys possess a relatively high elastic modulus,
which can cause stress shielding in load-bearing applications. This challenge has moti-

) vated significant research toward engineered porous Ti structures that exhibit a reduced
Citation: Yadav, M.K,; Yarlapati, A.;

Aditya, Y.N.; Kesavan, P; Pandey, V.;
Perugu, C.S.; Nain, A; Chatterjee, K;  Provides a comprehensive examination of powder metallurgy and additive manufacturing

and bone-matched modulus while preserving adequate mechanical integrity. This review

Suwas, 5.;Jayaraj, J.; etal. Processing approaches used to fabricate porous Ti and Ti-alloy scaffolds, including additive manufac-

and Development of Porous Titanium - tyring and different powder metallurgy techniques. Processing routes are compared in
for Biomedical Applications: A terms of achievable porosity, pore size distribution, microstructural evolution, mechanical
Comprehensive Review. |. Manuf.

Mater. Process. 2025, 9,401. https://

doi.org/10.3390/jmmp9120401

properties, and biological outcomes, with emphasis on the relationship between processing
parameters, pore architecture, and functional performance. The reported findings indicate

that optimized powder-metallurgy techniques can generate interconnected pores in the
Copyright: © 2025 by the authors.

) ) 100-500 um range suitable for osseointegration while maintaining compressive strengths
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This article is an open access article of 50-300 MPa, whereas additive manufacturing enables the precise control of hierarchical
distributed under the terms and architectures but requires careful post-processing to remove adhered powder, stabilize mi-
conditions of the Creative Commons crostructures, and ensure corrosion and wear resistance. In addition, this review integrates
Attribution (CCBY) license fundamental aspects of bone biology and bone implant interaction to contextualize the

(https:// creativecommons.org/ functional requirements of porous Ti scaffolds.
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1. Introduction

The demand for orthopedic implants is experiencing an unprecedented surge, pri-
marily due to the increased prevalence of conditions such as osteoporosis, which weakens
bones, and osteoarthritis, which causes joint inflammation [1]. Human bone joints are most
likely to be affected by degenerative and inflammatory diseases [1]. Degenerative diseases
impair the mechanical strength of bones either through excessive stress or due to a lack
of the body’s natural healing mechanisms. Studies suggest that nearly 90% of individ-
uals above the age of 40 are affected to some extent by degenerative joint disorders [2].
The replacement of diseased joint surfaces using metallic, ceramic, or polymeric material
through arthroplasty surgery is the ultimate solution to this problem [3]. Arthroplasty is
a surgical procedure where damaged natural joint surfaces are replaced with specialized
implant materials to alleviate pain and improve mobility by creating a new prosthetic
joint. Bones comprise four cell populations crucial for growth and resorption: osteoblasts,
osteoclasts, osteogenic cells, and osteocytes, all originating from bone marrow. Although
bones possess the capacity for physiological remodeling and self-repair, they are unable
to effectively cope with severe injuries such as critical-sized defects (CSDs) [4]. CSDs are
defects that will not heal on their own during the natural lifespan of the individual [5], and
typically, defects in the range of 2 cm to 5 cm are considered critical in humans [6,7]. The
standard approaches for treating CSDs include autograft (bone harvested from the same
patients), allograft (bone harvested from other patients), and xenograft (bone sourced from
other species) [8,9]. While these approaches often yield positive results, they come with
specific limitations.

The application of autograft is not suitable for large-sized defects such as spinal
arthrodesis [10], while allograft poses risks of immunologic rejection, donor dependency,
poor osteogenesis, and a higher resorption rate [11]. Although xenografts present a promis-
ing solution to organ shortages, their clinical use is restricted by immune barriers, zoonotic
infection risks, ethical concerns, and physiological challenges [12-14]. Such challenges and
constraints drive researchers to actively explore and create dependable bone substitutes that
closely mimic the characteristics of natural human bone. The field of biomaterials research
began with the inaugural biomaterial conference held at Clemson University in South Car-
olina in 1969 [15]. Extensive research has led to the development of various metallic [16],
ceramic [17,18], and polymeric [19] materials suitable for mimicking the properties of a
healthy human bone. These materials belong to different classes, each possessing distinct
physical, mechanical, chemical, and biological properties. For instance, metallic alloys,
known for their robust mechanical properties, are commonly used in load-bearing joint
prostheses [20-23]. Ceramic materials, renowned for their wear resistance and bioactive
properties, are often used to coat metallic implants [24-29]. Polymers, being biodegradable
and harmless to the body, are utilized in bone repair applications [30].

Scientists attribute the primary cause of failure in metallic implants to the ‘stress
shielding effect’ [31-33]. This effect occurs due to the mismatch in mechanical proper-
ties like Young’s modulus, yield strength, ultimate tensile strength, fracture toughness,
fatigue strength, and ductility (including elongation and toughness under cyclic loading)
between natural bone and metallic alloys under in vivo conditions, leading to the resorp-
tion of bone tissues surrounding the implant material [34]. Moreover, metallic implants
are limited by issues such as poor wear and corrosion resistance, as well as insufficient
biocompatibility [35-40]. Traditional metallic implants, such as 316L stainless steel and
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Co-Cr alloys, particularly suffer from localized corrosion, ion release, and inadequate
long-term biological compatibility. Although titanium (Ti) and its alloys are also metallic
materials, they offer significantly improved corrosion resistance, superior biocompatibility,
and better mechanical performance compared to these earlier metallic systems. Owing to
their high durability and excellent biological response, Ti-based materials have become the
focus of implant development; however, they still present challenges such as a relatively
high elastic modulus in dense form, which must be addressed through alloy design and
porosity engineering. The commercial production of titanium began with the invention of
the Kroll process in 1946 [41], followed shortly by the introduction of titanium alloy-based
implants within a year [42]. Since its inception, titanium and its alloys have found extensive
use in biomedical applications such as spinal fusion, skeletal repair, and dental implants
[15,43-47]. Titanium and its alloys have demonstrated superiority over medical-grade
stainless steel, cobalt-chromium, and magnesium-based alloys concerning biocompatibility,
mechanical strength, and corrosion resistance. However, their higher Young’s modulus
(~110 GPa) initially limited their biomedical applications. The development of second-
generation titanium alloys, specifically 3 alloys, aimed to reduce this modulus. Titanium
alloys with a low elastic modulus, such as Ti-Nb-Zr-T, have been specifically developed to
closely align with the modulus of different types of human bone [48-52].

The concept of porous biomaterials for osseointegration was introduced by Weber
and White in 1972 [53], leading to extensive research on porous implant materials using
various processing methods [54-57]. Porous scaffolds, characterized by a lower effective
Young’s modulus than conventional titanium implants, offer several advantages. These
materials enhance biological fixation by encouraging bone tissue to grow into the implant’s
porous structure, enabling even stress distribution between the implant and surrounding
bone. Moreover, porous scaffolds enhance colonization and subsequent substitution by
biological cells [58,59]. Numerous manufacturing methods have been developed to pro-
duce porous structures for implant applications. Palka et al. [60] reviewed porous titanium
implants, emphasizing various types of porosity in their structure, while Koju et al. [61]
examined porous Ti6Al4V bone implants produced by additive manufacturing. However,
a systematic review encompassing all production methods to fabricate porous implants is
still not available. Hence, the primary aim of this review is to survey all existing methods
to fabricate porous titanium through powder metallurgy and to provide a comprehensive
overview of the research status of titanium and its alloys targeted for orthopedic applica-
tions. This article is divided into nine sections with several sub-sections, focusing primarily
on the various techniques employed to develop porous titanium scaffolds for orthopedic
applications using powder metallurgy.

2. Material Characteristics Critical to Implant Functionality

“As defined by Williams in 1987, biomaterials are non-living materials designed for
use in medical devices that interact with biological systems”. Biomaterials are artificial
or natural materials that restore the integrity and functionality of damaged or diseased
biological structures. For an implant to achieve longevity and high compatibility with the
body, the biomaterial must possess certain properties suitable for biomedical applications.
These properties include biocompatibility, osseointegration, mechanical strength, wear
resistance, and corrosion resistance. Figure 1 outlines the fundamental requirements that
must be considered in the design and development of implants.

2.1. Mechanical Properties

The primary function of bone is to provide structural support under mechanical
loading and protect vital organs. In cases of trauma or diseased biological structures,
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implants often replace the function of the affected organ. Currently, most implants used
in orthopedic traumas and arthroplasty are of metallic composition due to their excellent
mechanical strength [62]; therefore, the mechanical analysis of metallic implants is of prime
concern. Essential properties include Young’s modulus, fracture toughness, hardness, yield
strength, ultimate tensile strength, stiffness, ductility, time-dependent deformation, and
creep. Wolff’s law of bone remodeling (1892) states that mechanical load can affect bone
architecture [63] and hence promote bone remodeling and fracture healing [64,65]. Fatigue
strength is also critical, as it affects material performance under cyclic loads, influencing
the long-term success of implants [15]. Young’s modulus is crucial for the success of
implants. A significant mismatch between the modulus of bone and the implant material
can negatively impact load transfer from the implant to the bone and within the bone,
leading to bone resorption and implant loosening. This biomechanical incompatibility is
the stress-shielding effect [15,66,67]. Table 1 lists the mechanical properties of materials
used for orthopedic implant applications and human bone.

Basic Requirements for Implants

Compatibility Mechanical Properties Manufacturing
Q Tissue Reactions Q Elasticity Q Fabrication methods
QO Change in properties Q Yield stress Q Consistency and conformity to all
i.  Mechanical Q Ductility requirements
ii. Physical Q Toughness Q Quality of raw materials
ifi. Chemical O Time dependent deformation O Superior techniques to obtain
O Degradation leads to Q Creep excellent surface finish or texture
i. Local deleterious changes Q Ultimate strength Q Capability of material to get safe
ii. Harmful systemic effects O Fatigue strength efficient sterilization
Q Hardness Q Cost of product

O Wear resistance

Figure 1. Diagram showing the basic requirements for implant materials regarding compatibility,
mechanical properties, and manufacturing.

Table 1. Physical and mechanical properties of metallic, ceramic, and polymeric biomaterials (p—
density in g/cm3; E—Young’s modulus in GPa; YS—yield strength in MPa; UTS—ultimate tensile
strength in MPa; UCS—Ultimate compressive strength in MPa; and FS—fatigue strength in MPa,

107 cycles).
Material p E YS UTS UcCs FS Ref.
Natural Bone
Cortical bone 1.8-2.0 7-30 - 164-240 100-230 27-35 (651
Cancellous bone 1.0-14 0.01-3.0 - - 2-12 -
Metals and Alloys

Ti-6Al-4V (cast) 443 114 760-880 895-930 - 600-700 [68]
Ti-6Al-4V (wrought) 4.43 114 827-1103 860-965 896-1172 500-800
Ti-6Al-7Nb 4.52 105 880 900 - - [15]
SS316L 8.0 193 170-310 540-1000 480-620 240-480 [68]
Fe,oMn 7.73 207 420 700 - - [69]
Zn-Al-Cu 5.79 90 171 210 - -
Co-Cr-Mo 8.3 240 500-1500 900-1540 - 500-900
CoCr20Nil5Mo7 7.8 195-230 240-450 450-960 - -
Pure Mg (cast) 1.74 41 21 87 40 - [34]
Pure Mg (wrought) 1.74 41 100 180 100-140 -
AZ31 (Mg-based alloy) 1.78 45 185 263 - -

AZ91 (Mg-based alloy) 1.81 45 160 150 - -
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Table 1. Cont.
Material p E YS UTS ucCs FS Ref.

Ceramics

Alumina Ceramics 4 260-410 - 400-580 - - [34]

Synthetic hydroxyapatite 3.15 6-102 - - 0.22-4.1 - [18,70]

Zirconia 3.98 210 - 800-1500 1990 - [71]
Polymers

PLGA 1.2-1.3 1.69 3.8-26.6 13.9-16.7 - -

PCL 1.15 281-686 8.37-14.66 68-103 - - [34]

PLA 1.8 3750 70 59 - -

2.2. Corrosion and Wear Resistance

Corrosion and wear are inevitable problems associated with orthopedic implants [72].
When a metallic implant is introduced into the body, it encounters biological fluid con-
taining various cations and anions, leading to electrochemical corrosion on the implant
surface. Four types of corrosion are typically observed in orthopedic implants: galvanic,
pitting crevice, and fretting corrosion. Galvanic corrosion occurs due to the electrochemical
potential difference between two different or the same metal surfaces when introduced
in a biological fluid [73-75]. Studies showed that when Ti-based and Co-based alloys are
coupled, the corrosion rate was observed to be as low as 0.02 uA/ c¢m?, and no instances of
corrosion were found on the metallic interface [76]. Pitting corrosion is a localized form of
corrosion that creates cavities in the material [77-79]. In the case of metallic implants, chlo-
ride ion breakdowns and the protective passive oxide films result in the formation of pits
at the site [80,81]. Crevice corrosion is like pitting corrosion in terms of propagation mecha-
nism but differs in the initiation mechanism [82-84]. Crevice corrosion generally occurs
in confined spaces with low oxygen tension and high chloride concentration, destroying
the passivation layer [85]. The mechanism of fretting corrosion differs from other types
of corrosion. In fretting corrosion, the passivation layer is disrupted due to micro-motion
between parts of an implant [86-88]. Continuous relative motion between two surfaces
under load generates wear debris around the implant-bone interface. Research indicates
that inadequate wear resistance can result in implant loosening, while the accumulation of
these wear particles may provoke negative tissue responses [89]. In natural joints, synovial
fluid functions as an effective lubricant, providing boundary and mixed lubrication regimes
that significantly reduce wear [90]. However, the stability of this lubricant film depends
strongly on surface chemistry, roughness, and pore geometry, which regulate protein ad-
sorption and fluid retention. Poorly designed surface features or trapped debris can disrupt
the synovial film and accelerate third-body abrasion. Therefore, implant materials and
surface designs must ensure adequate corrosion and wear resistance while also supporting
stable synovial lubrication to prevent premature mechanical failure.

Corrosion in metallic implants is an electrochemical degradation process that occurs
when the metal interacts with physiological fluids. As described in the review article
by Eliaz et al. [91], the human body behaves as an electrolyte containing chloride ions,
proteins, and dissolved oxygen, which facilitates metal dissolution through anodic and
cathodic reactions. The breakdown of the passive oxide film, especially under mechanical
loading or fretting conditions, results in the release of metallic ions and particulate debris
into surrounding tissues. This degradation can lead to local inflammatory responses,
hypersensitivity, cytotoxic effects, and ultimately implant loosening or failure. The article
emphasizes that corrosion is strongly influenced by alloy composition, microstructure,
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mechanical wear, and the stability of the protective oxide layer on the implant surface.
Therefore, selecting materials with high corrosion resistance, such as titanium and its alloys,
and optimizing surface treatments are essential for minimizing clinical complications
associated with corrosion-induced degradation in biomedical implants [91].

The corrosion mechanism inside the human body can be easily understood by taking
the example of Fe and Ti in biological environments. In physiological (aqueous) envi-
ronments, the corrosion of metallic implants is propelled by coupled electrochemical
half-reactions: metal dissolution (anodic) and reduction (cathodic) at the metal/electrolyte
interface. For titanium alloys (e.g., Ti-6Al-4V), corrosion begins with the oxidation of
titanium atoms, producing Ti** ions that hydrolyze to form a stable titanium dioxide
(TiO,) passive film. This passivation layer strongly inhibits further metal dissolution under
steady-state conditions, but local disruption (due to mechanical stress, chloride, or reactive
oxygen species) can lead to breakdown and renewed dissolution. Studies show that inflam-
mation (e.g., HyO,) and cathodic activation can degrade the oxide film and drive selective
dissolution of phases, particularly the 3-phase in Ti-6Al-4V. The relevant electrochemical
reactions can be expressed as follows:

For titanium alloys, we have the following;:

Anodic Reactions (Oxidation)

Ti — Ti** +4e” (1)
Passive Film Formation
Ti** + 2H,0 — TiO, + 4H )

This is consistent with the mechanism of oxide-film stabilization seen in studies of
Ti-6Al-4V [92].
Cathodic Reaction (Reduction)

0, +2H,0 + 4e~ — 40H™ 3)

This is the dominant cathodic process in neutral, oxygenated physiological solutions [93].

For Fe-based alloys, corrosion typically proceeds via continuous dissolution due to
the relatively less stable protective films in chloride-rich physiological environments.

The primary anodic reactions are as follows:

Fe — Fe?t +2e™ (4)

Fe’™ — F3t 4 e (5)

Meanwhile, the cathodic reaction is generally the same oxygen-reduction process:
O, +2H,0 + 4e~ — 40H™ (6)

These equations and their relevance to in vivo degradation have been documented in
the context of biodegradable metal implants [93,94].

2.3. Porosity Effect

Porosity is crucial in developing effective implants for bone tissue engineering. The
key factors include pore interconnectivity, porosity volume, and pore sizes. The porous
structure must have interconnected pores of appropriate size [95,96]. Interconnected pores
are vital as they facilitate cell infiltration, in vivo vascular formation, osteogenesis, cell
proliferation, oxygen and nutrient flow, and waste removal [97,98]. It is also reviewed that
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interconnectivity provides a way for the ingrowth of blood vessels to facilitate multiple
vessel formation [99]. Earlier studies suggest that a minimum interconnection size of
over 50 um is suitable for bone ingrowth [100]. The porosity of the implant enhances bone
integration because the porous surface provides an interlocking medium to the surrounding
tissue and implant, resulting in good biomechanical compatibility and high resistance to
fatigue loading [101,102]. It has been reported that pore sizes ranging between 100 pm and
200 pm are suitable for osseointegration [15].

It is important to note that any increase in the implant’s porosity content decreases
the mechanical properties of the system [103]. Therefore, without compromising the
mechanical properties, the porosity of the system should be optimized, and the pore size
should be strictly controlled. Different techniques for adding space holder materials of
defined size, densification of the green compacts, sintering conditions, etc., can be employed
to incorporate pores in the final structure [104]. A detailed discussion of the production of
porous structures using different techniques will be discussed in subsequent sections.

2.4. Surface Wettability and Its Role in Implant Performance

Surface wettability is a critical design parameter for metallic implants, directly influenc-
ing both their biological and tribological performance. Wettability governs the interaction
of synovial fluid, proteins, and cells with the implant surface, thereby affecting lubrication,
friction, wear, and early-stage osseointegration. Hydrophilic surfaces generally facilitate
more favorable biological interactions compared to hydrophobic surfaces, largely because
wettability affects the first biomolecular events at the implant interface. Surface wettability
is known to regulate four major aspects of host response: (i) adsorption and conformation
of proteins and macromolecules that form the initial conditioning layer; (ii) adhesion,
spreading, and differentiation of hard and soft tissue cells; (iii) bacterial adhesion and
biofilm formation; and (iv) the overall rate and quality of in vivo osseointegration [105].
These interactions begin within milliseconds of implantation and significantly depend on
the hydrophilic or hydrophobic nature of Ti surfaces.

Recent works have demonstrated that micro- and nano-scale surface textures strongly
influence the spreading characteristics and retention of lubricants and biological fluids on
Ti alloys. Several studies [106,107] highlight that multiscale fractal roughness enhances
dynamic wetting, fluid transport, and boundary lubrication, thereby reducing wear at
articulating implant interfaces. These findings emphasize that wettability is not only im-
portant for osseointegration but also for the flow behavior of synovial fluid, which plays a
major role in limiting wear during joint articulation. Insights from Gittens et al. [108-110]
further confirm that hydrophilic surfaces support improved protein adsorption in favorable
conformations, enhance osteoblast maturation, and promote faster bone—implant contact
compared to hydrophobic surfaces. Hydrophilic and superhydrophilic surfaces also re-
duce hydrocarbon contamination and strengthen the biochemical environment for cell
attachment, proliferation, and differentiation [111]. Conversely, hydrophobic surfaces may
denature adsorbed proteins, inhibit cell adhesion, and alter the biological cascade leading to
integration. Overall, incorporating appropriate surface wettability, often achieved through
micro/nano-texturing, plasma modification, chemical treatments, or photocatalytic activa-
tion, provides a significant advantage for titanium implants [112]. It enhances lubrication
and wear performance in load-bearing joints and concurrently improves osseointegra-
tion, offering a dual benefit highly relevant to porous titanium structures discussed in
this review.
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2.5. Biocompatibility

The biocompatibility of any material is the basis of understanding the host response to
implants and is defined diversely by different researchers and regulatory bodies. According
to the US Food and Drug Administration, biocompatibility is defined as the effect that
the materials induce no measurable harm to the host [113]. It is observed that improper
biocompatibility leads to dysesthesia (loss of sense), discomfort, pain, infection, resorption
of bone [114], etc. The ions released from the metallic implant may induce hypersensitivity
and lead to implant failure [115]. Williams (1987) [116] defines biocompatibility as a mate-
rial’s capacity to generate a suitable response from the host in a given medical application.
This implies that a biocompatible material must exhibit both bioactivity and bifunctionality.

The biocompatibility of any material can be defined as the ‘ability of a material to
perform with an appropriate host response in a specific application’, which means that a
biocompatible material should be bioactive and biofunctional. Similarly, Retner et al. [117]
defined that no material can be biocompatible if it leaches cytotoxic substances when
implanted. The success of biomaterials largely depends on the body’s reaction to the
implant, which measures the material’s biocompatibility. In other words, an implant
material is considered biocompatible if it elicits a positive response when exposed to a
biological environment [118]. Biocompatibility is primarily determined by two key factors:
the biological response the material triggers in the host and the extent to which the material
degrades within the bodily environment [15]. Therefore, to achieve good biocompatibility,
non-toxic alloying elements with excellent corrosion and wear resistance should be chosen
during the design and development of metallic implants.

As discussed in Section 2.2, corrosion can directly affect the overall success rate of the
implant, as biocompatibility and corrosion are intrinsically linked. As the degradation of
metallic implants in vivo directly influences the host response. A biocompatible material
must not trigger thrombosis, toxic or allergic reactions, adverse immune responses, or
destruction of cellular components, and it should maintain its structural integrity without
releasing harmful ions into surrounding tissues [91]. However, corrosion alters the implant
surface chemistry and accelerates metal-ion release, which can destabilize local biological
equilibrium and initiate inflammation or hypersensitivity. As corrosion progresses, ions
such as Ni, Cr, Co, or V can accumulate and provoke cytotoxic or allergenic responses, some-
times even at low corrosion rates that do not compromise mechanical performance [91].

Body fluid composition further governs this relationship. Chloride ions promote
passive-film breakdown, fluctuating pH during inflammation (as low as 4.0) increases
localized corrosion, and reduced dissolved oxygen levels hinder repassivation, collectively
intensifying degradation and influencing biocompatibility outcomes [119]. Proteins and
macromolecules in extracellular fluids can bind metal ions and transport them away from
the surface, destabilizing the electrical double layer, or alternatively form an adsorbed
barrier that slows corrosion; thus, protein—metal interactions directly affect degradation
rates and biological responses. Cells adhering to implant surfaces may either protect the
metal by forming a physical barrier or enhance corrosion through secretion of reactive
oxygen species such as 02~ and H,Oy9, which accelerate metal dissolution and negatively
impact surrounding tissue [91].

2.6. Osseointegration

According to the American Academy of Implant Dentistry (1986), osseointegration
refers to the direct contact between normal remodeled bone and an implant without any
intervening non-bone tissue, ensuring sustained load transfer and distribution from the
implant to and within the bone tissue. Clinically, osseointegration can be defined as
the process by which a clinically asymptomatic, rigid fixation of alloplastic materials is
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achieved and maintained in bone under functional loading [120]. Factors such as design,
surface chemistry, roughness, chemical composition, and loading conditions should be
considered before developing an implant for optimal osseointegration [121]. Figure 2 shows
a schematic diagram illustrating the timeline of osseointegration of a metallic implant with
respect to cellular events for 28 days [122].
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Figure 2. A schematic diagram illustrating the timeline of osseointegration of a metallic implant with
respect to cellular events for a duration of 28 days. Reproduced with permission from [122].

3. Bone Metabolism

Bone is a rigid, living tissue that provides support during mechanical loading and
protects vital organs inside the body [123]. When a baby is born, their body contains
approximately 300 soft bones. These bones are primarily made of cartilage, which allows
for flexibility and growth. As the baby matures, bones gradually fuse and harden through
ossification. By adulthood, this fusion reduces the total number of bones to 206, providing
a more rigid and supportive skeletal structure. To understand bone metabolism, it is
necessary to grasp bone physiology and mechanical properties. The different structural
levels of bone are shown in Figure 3, illustrating that the bone tissue comprises collagen
fibers at the nanoscale.

3.1. Bone Physiology

At the microscopic level, bone structure can be classified into two types based on the
arrangement of fibers: woven bone and lamellar bone [124]. The following sections will
explore these two types in detail.

3.1.1. Woven Bone

Woven bone, considered an immature type of bone tissue, typically has a mineral
grain size ranging from 10 to 15 nanometers. It is commonly located in the metaphyseal
region and at sites of fracture healing, such as the callus [125]. These are coarse-fibred
and collagen fibers and are randomly oriented throughout the structure. It can also be
inferred that the direction-independent mechanical behavior of woven bone results from
nonuniform collagen [126].

3.1.2. Lamellar Bone

Lamellar bone is another structure of bone that can be distinguished at the microscopic
level. Unlike woven bone, it consists of a mineralized matrix known as hydroxyapatite,
with the chemical formula Cajp(PO4)s(OH);. In the human femur, hydroxyapatite crystals
typically measure between 20 and 80 nm in length and from 2 to 5 nm in thickness [125]. As
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implied by their name, lamellar bones are structured in layers and feature collagen fibers
aligned with stress directions, contributing to their anisotropic mechanical behavior [126].
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Figure 3. (a) Macro-to-microscopic picture of cancellous and cortical bones. The endosteum structure

100-500 pm | . ~3 um
AL ) Periosteum Blood vessels Osteocyte
t Ve — Endosteum (internal and nerves i lacuna
2% surfaces/cavities)
Bone marrow
(b) . assembly
Collagen fibril - Collagen fiber
i Hydroxvapatite )
! crystals e o=
it Rorats 0aS

—

67 nm

lines the spaces of cancellous bone, where bone marrow is stored. The periosteum barrier protects the
cortical tissue that is tightly packed within osteons. Haversian canals, which comprise blood vessels
and nerve tissue, surround concentric lamellae with thicknesses of around 3 pum to create osteons.
Osteocytes live in the osteon’s lacuna structures. (b) At the nanometric scale, bone tissue comprises
collagen fibers with 67 nm periodic spacing and 40 nm gaps for mineral components. Reproduced
with permissions from [127].

Further, based on structural organization, woven and lamellar bones are organized
into trabecular and cortical bones [125,128]. Trabecular bone is highly porous, having
50 to 90% porosity and large pores up to several millimeters in diameter. Therefore, these
bones are also known as spongy bones or cancellous bones. The trabecular bone bears
compressive forces under physiological loading conditions [126]. These bones are typically
located in the metaphyseal and epiphyseal regions of both long and cuboidal bones. The
distal end radius is an example of a trabecular bone. Similarly, cortical bones are less
porous and possess small pores of size up to 1 mm in diameter. Therefore, it is also known
as compact bone, contributing to 80% of the weight of the human skeleton. It is harder,
stronger, and stiffer than trabecular bone due to less porosity. The humerus and femur are
examples of cortical bone.

3.2. Chemical Composition of Bone

Bone is primarily composed of approximately 70% inorganic material, 20% organic
content, and 10% water. The inorganic portion mainly consists of crystalline hydroxyapatite
(HAp) Ca19(PO4)s(OH),, while around 90% of the organic component is made up of Type I
collagen. The remaining 10% includes non-collagenous proteins, lipids, and various other
macromolecules [125,126]. HAp is the principal inorganic component of natural bone and
has been widely studied for orthopedic and dental applications because of its exceptional
biocompatibility and bioactivity. Its crystal structure is hexagonal, and its Ca/P molar ratio
of 1.67 closely matches that of biological apatite, enabling strong chemical affinity with
native bone tissue [17,18]. Synthetic HAp exhibits the ability to directly bond with bone
through the formation of a biologically active apatite layer, which stimulates osteoblast
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adhesion, proliferation, and mineralization. In addition to its osteoconductive behavior,
HAp provides good compressive strength and structural stability, although it remains
brittle and exhibits relatively low fracture toughness, which limits its role as a standalone
load-bearing material. Consequently, HAp is frequently used as a coating material to
enhance osseointegration and improve the biological interface. Its thermal stability, ionic
substitution capability (e.g., carbonate, magnesium, zinc), and similarity to natural bone
mineral make HAp an essential material for engineered bone scaffolds and composite
implant systems. Boskey and Coleman [129] suggested that the mineral component of bone
changes with age. Various changes in bone mineral composition, which occur with age, are
listed below [123]:

An increase in overall mineral content;

Greater carbonate substitution within the mineral structure;
A reduction in acid phosphate substitution;

Higher hydroxyl content;

An elevated calcium-to-phosphorus (Ca/P) molar ratio;
Growth in crystal size and improved crystallinity.

e o o o o o

3.3. Types of Cells in the Bone

Bones comprise four types of cells: osteoblasts, osteoclasts, osteocytes, and osteogenic
cells. Figure 4 provides a schematic diagram of these cell types [130].

Osteocyte Osteoblast Osteogenic cell Osteoclast
(maintains bone tissue) (forms bone matrix) (stem cell) (resorbs bone)

Figure 4. Schematic diagram illustrates the classification of the four types of bone tissue cells.
Reproduced with permissions from [130].

3.3.1. Osteoblasts

These cells are also known as bone-forming cells because they synthesize new bones.
Osteoid (a protein mixture secreted by osteoblasts) plays an important role in this process,
as it mineralizes to form bone [130].

3.3.2. Osteocytes

Osteocytes are fully differentiated bone cells derived from osteoblasts. The primary
distinction between these two cell types lies in their position within the bone structure: os-
teoblasts reside along the periosteal and endosteal surfaces, while osteocytes are embedded
within the bone matrix, organized in concentric rings around the central canal of an osteon
and situated between lamellae [130].
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3.3.3. Osteoclast

Osteoclast cells are responsible for bone tissue breakdown and essential for maintain-
ing, remodeling, and repairing the vertebral skeleton’s bones. The osteoclast secretes acid
and collagenase through bone resorption, which molecularly breaks down and digests the
mixture of hydrated proteins and minerals. This mechanism similarly regulates the blood
calcium level. A bone with a physiological grain size of less than 100 nm in diameter is
generally termed a healthy bone. A healthy bone is continuously remodeled throughout the
life span by a process that involves the formation of a bone modeling unit and activating
bone cells. Osteoclasts perform the phenomenon of bone resorption. The osteoclast is
derived from pluripotent cells of the bone marrow. Pluripotent cells tend to discriminate
against different cells, including monocytes and macrophages. These pluripotent cells
resorb bone by forming disordered cell membrane edges and thus increase the surface area
of attachment on the bone surface. The carbonic anhydrase system produces hydrogen
ions, which decreases the pH of the local environment, and due to this, the solubility
of hydroxyapatite (a major inorganic component of bone) increases. After this process,
proteolytic digestion takes place to remove an organic component, and the removal of
organic and inorganic components results in the formation of resorption pits [131].

3.3.4. Osteogenic Cells

Osteoprogenitor cells, also known as osteogenic cells, are stem cells found in bone
tissue that play a vital role in bone formation and regeneration. Located within the bone
marrow, they serve as precursors to more specialized bone cells, including osteoblasts and
osteocytes. From immature mesenchymal cells, osteoprogenitor cells develop into spindle
cells on the surface of adult bones. They are more common in growing bones, triggering
multifunctional phases that reshape them. As we age, our body’s capacity to produce or
use more osteoprogenitor cells declines [132].

4. Materials Used for Orthopedic Implant Applications: Advantages
and Disadvantages

Materials such as metals, polymers, and ceramics are commonly used for implants.
This review article focuses on an in-depth study of the development of Ti-based porous
materials. Still, it also includes a brief section on other materials like ceramics and poly-
mers used in implant applications. The selection of material depends on the application
area. Table 2 briefly describes the advantages, disadvantages, and applications of various
materials used as implants. Ceramics are inorganic oxides of non-metals known for their
excellent corrosion resistance, biocompatibility, and bioactivity. They are primarily com-
posed of ionic bonds with some covalent character, making them brittle with low fracture
toughness and a high elastic modulus. There are two main types of bioceramics: bio-inert
ceramics and bioresorbable ceramics. Bio-inert ceramics, such as zirconia and alumina,
exhibit high chemical inertness, making them suitable for biological applications [133-135].
Bioresorbable ceramics, like hydroxyapatite and B-tricalcium phosphate, are designed
to gradually dissolve and be replaced by natural bone [136-138]. However, due to their
poor mechanical properties, pure ceramics are not ideal for weight-bearing prostheses in
long bones, as they tend to fail under load-bearing conditions. However, ceramics are
successfully used in bone filling and dentistry applications [139]. Similarly, polymers are
organic non-metal oxides; they can be used as an implant material in low-load-bearing
fracture sites. Polymers have emerged as promising materials for orthopedic use due to
their mechanical properties, which are comparable to those of trabecular bone, and their
biodegradability has further heightened interest in their application [140]. Polymer-like
ultra-high-molecular-weight polyethylene (UHMWPE) has properties like high impact
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strength, low friction coefficient, and low density. These properties have made UHMWPE
a popular choice for joint replacement. However, the application of UHMWPE is limited
due to long-term radicals in the bulk resulting from the ionizing radiation employed in
the sterilization process [141]. Natural polysaccharide polymers like starch, cellulose, and
alginate are also used in biomedical applications [139,140]. The main problem associated
with the use of polymers in orthopedic applications is the overproduction of wear debris,
which leads to inflammatory reactions between adjacent tissue and implant. This adverse
tissue reaction causes osteolysis, bone resorption, and implant failure [142].

Metals and their alloys are preferred over ceramics and polymers for implant applica-
tions due to their excellent mechanical properties and biocompatibility [143]. Commonly
used metals include titanium and its alloys, medical-grade stainless steel, cobalt-chromium,
and magnesium alloys. These metals may contain elements such as Co, Cr, Al, Cu, V, and
Ni, classified as allergic. Additionally, elements like Cd, Be, Pb, Ba, and Th are classified
as toxic [144,145]. These considerations are crucial in ensuring the safety and efficacy of
implants in medical applications. Elements like Ni, Co, and Cr are released from 316L
stainless steel and Co-Cr alloy due to corrosion in the body environment [146,147]. The
toxicity of Ni causes skin-related diseases like dermatitis, and the release of Co causes
carcinogenicity [15]. Young’s modulus of 316L SS and Co-Cr alloy is much higher than that
of natural bone, causing nonuniform load transfer between bone and implant and leading
to bone resorption and implant loosening. Also, 316L SS steel has poor fatigue strength
and wear resistance, limiting its application in orthopedics. 316L exhibits acceptable bulk
corrosion resistance but is susceptible to localized pitting and crevice corrosion in chloride-
rich physiological fluids and may release Ni/Cr ions under certain conditions, leading to
allergic responses.

However, due to the low cost of 316L SS compared to all other metallic alloys, 316L
SS has maintained its demand in fixation devices like bone plates, bone screws, etc. Mag-
nesium, zinc, and their alloys, due to their biodegradability and potential for preventing
revision surgery, have increased the attention of the general orthopedic community for
surgical fixation of injured musculoskeletal tissue [148-151]. It is believed that when a
Mg-based alloy is introduced in a saline environment, it degrades to magnesium chloride,
oxide, sulfate, or phosphate, and these ions do not cause any adverse effect on local tis-
sues [152,153]. Despite many advantages, there are certain limitations to using Mg-based
alloys. The high corrosion rate of Mg-based alloys is one of the major problems [154]. Cor-
rosion causes the evolution of hydrogen gas, which creates the balloon effect in vivo [155].
Due to the high corrosion rate, the pH value of the surrounding surface also increases [156].

Table 2. Table shows a comprehensive list of biomaterials, along with their advantages, disadvantages,
and applications [15,17,157].

Material Advantages

Disadvantages Applications

Widely available and cost-effective,
SS 316L excellent mechanical
properties, biocompatible

High elastic modulus, inadequate

resistance to corrosion, low wear

resistance, potential to trigger allergic Bone plates, bone screws, pins,
reactions in surrounding tissues, and wires, etc.

stress shielding, which can lead to

bone resorption

Excellent resistance to corrosion,
fatigue, and wear. High mechanical
strength. Sustained biocompatibility
over the long term

Co-Cr alloys

High cost, limited machinability,
induction of stress shielding, potential
biological toxicity from the release of
cobalt (Co), chromium (Cr), and
nickel (Ni) ions

Shorter-term implants, bone plates
and wires, total hip replacements
(THR), and stem or hard-on-hard
bearing system
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Table 2. Cont.

Material Advantages Disadvantages Applications
Biocompatible, biodegradable,
bioresorbable, similar density, Hydrogen evolution during Bone screws. bone plates. bone
Mg alloy Young’s modulus is that of degradation and less corrosion ins. etc ’ p ’
natural bone, less stress-shielding  resistance pins, ete.
effect, and lightweight
Fracture fixation devices such as
Excellent resistance, lower plates, nails, rod;, SCIews, .
. . . fasteners, and wires; femoral hip
. modulus, stronger than stainless Poor wear resistance, poor bending .
Ti alloy R . . j stems; total koint replacement
steel, lightweight, and ductility, and expensive
biocompatiblo (TJR) systems; and arthroplasty
P procedures, particularly for hip
and knee joints
Biocompatibility and bio-inert
behavior, elevated hardness, .
. ! . Porous coatings for femoral stems,
. strength, resistance to abrasion, Low fracture toughness, brittleness,
Alumina (Al;O3) .. . § . - . . femoral head, bone screws and
minimal formation of fibrous limited ductility, and radiopacity lates. and knee prosthesis
tissue at the implant-tissue P ’ P
interface
Excellent fracture toughness; high
flexural strength; low Young’s
. . modulus; closely matching that of . . s
Zirconia bone: bio-inert mature: eoad Phase transformation, brittleness, Femoral head, artificial knee,
(Zr,03) . s '8 . and low toughness bone screws, and plates
biocompatibility; and non-toxic
behavior within the
biological environment
Biocompatibility, bioactivity,
. promoting integration with . Brittleness, low tensile strength, Artificial bone and dental
Bioglass surrounding tissue, non-toxicity, and poor faticue resistance implants
and brittleness, which may limit p g p
load-bearing applications
Bio-resorbable, bioactive,
Hydroxyapatite biocompatible, similar Brittleness, low tensile strength, Femoral knee, femoral hips, tibial
(HAp) composition to bone, and good and poor fatigue resistance components, and acetabular cup

osteoconductive properties

5. Titanium and Its Alloys: Material of Ultimate Choice for
Implant Application

Titanium (Ti) is the ninth most abundant element in the lithosphere, as it is a constituent
of practically all crystalline rock. Reverend William Gregor discovered it in 1798 [114].
Thorough explanations of titanium’s science, technology, and applications may be found
in recent investigations. During the last 30 years, titanium and its alloy manufacturing
techniques have advanced at a faster rate than any other structural material in metallurgical
history. To enhance the performance and dependability of Ti and its alloys and prevent
unanticipated failures, there has been an exceptionally high focus on removing manufactur-
ing errors, from extraction and melting procedures to machining and joining. We observe
that the primary impediment to an even wider variety of Ti and its alloy applications
remains costly. The need to convert Ti oxides or chlorides to their metallic state accounts
for a significant portion of the material’s cost. The industrial reduction technique is a batch
operation that requires a lot of energy. It was developed many years ago by Kroll. Several
initiatives are underway to co-reduce mixed chlorides using various reduction techniques
to create metallic or alloyed Ti. Several of these techniques have proven workable in the
lab, but scaling up to manufacturing volumes is proving more difficult than anticipated.
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Ti is a transition metal with atomic number 22 with an incomplete valence shell. It can
form a substitutional solid solution (SSS) with an element having a size factor of +20%. The
melting point of Ti is ~1678 °C, and the crystal structure of Ti is a hexagonally closed-packed
(hep) o-Ti structure up to the beta transus temperature (882.5 °C), transforming to a body-
centered cubic 3-Ti structure (bcc) above this temperature (Figure 5) [158,159]. The nature
of the alloying element determines the microstructure (alpha (o) to beta () transformation
temperature) of the Ti-based alloy. Elements like Al, O, N, etc., are commonly known as
a-stabilizers because they tend to stabilize the « phase, as adding these elements increases
the 3 transus temperature. Similarly, elements like V, Mo, Nb, Fe, Cr, etc., stabilize the (3
transus temperature and are known as (3 stabilizers. The addition of this element depresses
the 3 transus temperature.

(HCP) @ - Titanium S (a) (BCC) B - Titanium

(ao1n

(1010)

p (b)
B e
. B
crp a + '
HCF a “+B '3 AxB)
at+ A B,
Neutral 0~ Stabilizing B- Stabilizing B- Eutectoid

Figure 5. Schematic representations illustrating the following: (a) the allotropic forms of titanium—
hexagonal close-packed (HCP) «-Ti, which is stable up to 882 °C, and body-centered cubic (BCC) 3-Ti,
stable at temperatures above this point; and (b) the formation of various phases and corresponding
phase diagrams resulting from the addition of different alloying elements to titanium. Reproduced
with permissions from [159].

Titanium alloys are generally classified based on alpha () and beta () phases. They
are classified as «, near-«, (o« + ), and metastable 3-alloy. The o alloy consists of only «
phase (with or without the help of « stabilizers, i.e., Al, O, N, etc.). Near « alloys are a
special class of « alloys comprising 1-2% of 3 stabilizers and about 5-10% of the (3 phase.
Similarly, « + 3 alloys contain 10-30% of the 3 phase, and alloys with higher 3 stabilizers
where the 3 phase is formed by fast cooling are known as metastable (3 alloys. Generally,
o + (3 or metastable {3 alloys are employed in biomedical applications. Among all these
alloys, o and (x + ) alloys are considered first-generation Ti alloys and possess a high
Young’s modulus value (110 GPa). The development of a second-generation Ti-based alloy,
i.e., B alloy, was established in 1990 [160]. Due to their ability to possess a lower Young's
modulus value (55-90 GPa), (3 alloys are the material of choice for orthopedic applications.
The different Ti alloys and the mechanical properties used for biomedical applications are
mentioned in Table 3. Figure 6 highlights the various biomedical applications where Ti and
its alloys are used.



J. Manuf. Mater. Process. 2025, 9, 401 16 of 45

 Cardiac Implants JENRSS/SUNEE LAY Shoulder Tmplants

.,

Spinal Implants

C

Feet Implants Knee Implants

Figure 6. Graphical representation illustrating different Ti-based implants in the human body for

biomedical applications.

Table 3. List showing the mechanical properties of titanium and its alloys (E—modulus in GPa;
UTS—ultimate tensile strength in MPa) [15].

Material Standard E UTS Alloy Composition
First-generation biomaterials (1950-1990)
Commercially pure Ti (CP grade 1-4) ASTM F1341 100 240-550 «
Ti-6A1-4V ELI wrought ASTM F136 110 860-965 x+p
Ti-6A1-4V ELI standard grade ASTM F1472 112 895-930 o+
Ti-6Al-7Nb wrought ASTM F1295 110 900-1050 x+p
Ti-5A1-2.5Fe - 110 1020 x+p
Second-generation biomaterials (1990-to date)

Ti-13Nb-13Zr wrought ASTM F1713 79-84 973-1037 Metastable 3
Ti-12Mo—-6Zr-2Fe (TMZF) ASTM F1813 74-85 1060-1100 B
Ti-35Nb-7Zr-5Ta (TNZT) - 55 596 B
Ti-29Nb-13Ta—-4.6Zr - 65 911 B
Ti-35Nb-5Ta-7Zr-0.40 (TNZTO) - 66 1010 B
Ti-15Mo-5Zr-3Al - 22 - B
Ti-Mo ASTM F2066 - - B

6. Fabrication of Porous Titanium Using Various Powder
Metallurgical Techniques

Ti-based materials have low thermal conductivity and high reactivity with the sur-
rounding environment. Due to this, their machining, melting, and casting are difficult.
Therefore, Ti-based components are generally machined from forged Ti blanks at a low
speed; in this procedure, ~95% of the raw materials are lost as scrap, and recycling this
scrap is still a challenge [161]. Also, dense Ti-based alloys tend to have a stress-shielding
effect due to their high modulus. Incorporating pores is a promising solution to reduce the
stress-shielding effect in Ti-based implants, but manufacturing porous Ti-based structures
is not technically easy. Various manufacturing methods have been established to produce
porous titanium structures. Figure 7 presents a graphical comparison of porosity levels and
pore size distributions achieved through these different fabrication techniques [160]. The
use of porous material in artificial joint replacement is an attractive field of research as it
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includes different methods and materials that can be used to reduce stiffness mismatch
with bone. In the present study, different methods for the synthesis of porous Ti scaffolds
are described. Figure 8 shows the classification of various techniques that can be used to
fabricate porous Ti structures. However, the following sections will focus exclusively on a
few processes that can fabricate porous Ti-based structures.

100 "1 Replication
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Figure 7. Porosity and pore size observed in porous titanium structures fabricated using different
manufacturing techniques. Reproduced with permissions from [160].

Titanium foam production techniques

— ! l

Liquid State processing Solid State processing Others

(1) Direct foaming with gas (1) Sintering of hollow (1) Additive manufacturing

(2) Direct foaming with spheres or Rapid prototyping
blowing agents (2) Gas Entrapment (2) Electrochemical

(3) gasars (3) Slurry foaming deposition

(4) Powder compact melting (4) Pressing around fillers

(5) casting (5) Sintering of powders or

(6) Spray forming fibers

(6) Extrusion of
polymer/metallic
mixtures

(7) Reaction sintering

Figure 8. Classification of various processing techniques employed to fabricate porous Ti structures.

6.1. Space Holder Technique

The space holder technique is one of the important powder metallurgical techniques
that can control the size and shape of the pores, amount of porosity, etc. Because these
parameters depend on the size of space-holder particles. The basic requirement of this
process is that the particle size of the metal powder should be less than the particle size
of the space holder. This method involves the addition of space holder particles with
the metal powder, followed by mixing them uniformly throughout. Then, the mixture is
compacted uniaxially to form a green compact. The green sample is pre-sintered at an
optimized temperature (low temperature) so that the complete removal of space holder
particles can occur. This also leads to the initial sintering of metal powders. Finally, the pre-
sintered samples are sintered at an elevated temperature in an inert atmosphere to avoid
contamination (including metal oxidation). The schematic representation of the process for
preparing porous Ti via the space holder technique is shown in Figure 9. Several materials
have been used as space holders, including bio-wastes, metals like Mg granules, urea,
ammonium hydro carbonate, water-soluble materials (like sucrose, potassium chloride,
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and sodium chloride), paraformaldehyde, etc. Before selecting the space holder, the factors
to be considered are its affinity with Ti, the amount of left-out residue after burning, and
ease of processing. Complete removal of space holder material from the substrate is the
main problem associated with the space holder technique because the presence of any
residue may impart detrimental effects, which may influence biocompatibility. Materials
like NaCl and sucrose are suggested as they can be removed completely when treated
with water [162].

Kim et al. [163] used sacrificial Mg granules as space holder particles since Mg ions
are directly involved in numerous biological mechanisms in our body, such as the channel-
izing of ions, DNA stabilization, enzyme activation, and stimulation of cell growth and
proliferation. So, the problems associated with space holders, like partial removal of space
holder particles, are completely mitigated. Mg particles of size 20 mesh to 100 mesh with
0.5 wt.% ethanol as a binder were used. The mixture of Ti and Mg was compacted uniaxially,
followed by removing space holder particles by dipping them in HCI and ethanol for 24 h.
Sintering the green samples at an elevated temperature of 1300 °C for 2 h in high vacuum
results in controlling the porosity within 50-71% and pore size within 132-262 pm. The
mechanical testing of the samples reveals that the compressive and rupture strengths are
59-280 MPa and 85 MPa, respectively. Esen and Bor [164] processed Ti foam using Mg as a
space holder particle; the porosity content was observed to vary between 45 and 70%; the
pore size was found to be 525 um; Young’s modulus ranged between 0.42 GPa and 8.8 GPa.

Compacting Heat Treatment
Die's Furnace

Spacer Powde

Titanium Powder

c
€ ce¢
e ecefe

Mixing Pressing

Blended Powder

(-3
3
o
3

Green Compact Sintere

Spacer particles

Figure 9. Schematic diagram illustrates the process of fabricating porous titanium using space
holder technique.

Bio-waste, like rice husk, is a rich source of silica, and its low-temperature combustion
property can be utilized for space-holder applications. Due to the amorphous nature of
silica and its high relative reactivity along with carbon for thermal reduction, rice husk can
be a favorable candidate for synthesizing low-temperature porous material [165,166]. Apart
from the above space holders, researchers have used many other materials to produce
porous titanium scaffolds. Dabrowski et al. [3] employed paraformaldehyde, with an
average particle size of 500 um, as a space holder in the fabrication of porous titanium
implants due to its ability to fully decompose at relatively low temperatures. The resulting
porosity can vary between 60% and 70%, and Young’s modulus can vary between 1 GPa
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and 8 GPa, which is very close to that of cancellous bone. Xiao Jian et al. [167] studied the
porous Ti structures produced with varied spacer contents (Figure 10).

Reports suggest that urea is an effective space-holder material that tends to decom-
pose at low temperatures, resulting in the formation of a pore. Vasconcellos et al. [168]
synthesized porous Ti with 3D interconnected pores with a size of ~480 um and a total
porosity of 36%. Wenjuan et al. [169] used urea of size 200-600 um as a space holder and
polyethylene glycol as a binder to synthesize a porous Ti scaffold with porosity varying
between 55 and 75% and pore size varying between 200 um and 500 um. The porous
scaffold reveals Young’s modulus in the range of 3-6.4 GPa, which is close to that of natural
bone. It has also been noticed that the rapid decomposition of urea at low temperatures
causes rough control over porosity. The needle-like shape of urea particles provides sharp
corners and notches in the pore, which lead to stress concentration, deteriorating their
mechanical properties. It is also found that the remaining urea in pores makes the implant
unfit for medical use [170].

Xiang et al. [171] prepared porous Ti with a porosity between 44 and 77% by using
ammonium acid carbonate as a space holder. The fabricated porous Ti scaffolds have pore
sizes between 200 um and 500 pm, with Young’s modulus and compressive strength values
ranging between 2.1 GPa and 3.4 GPa and 60 MPa and 140 MPa, respectively. In addition
to the space holders, other materials can serve as pore formers, meeting essential criteria
such as complete residue removal through dissolution in water and being economically
viable. In this class, sucrose and NaCl are the best-suited materials that can be used as a
pore former. Torres et al. [172] reported excellent adhesion and proliferation of cells when
NaCl is used as a space holder. Also, any left-out residue in the scaffold will not affect the
in vivo performance of the Ti alloy.

(a) X=055 X =0.60 X=0.65 X=0.70 X=0.75 (©) ] —ross

LR R )
Compressive Strain (%)

d) Space Porosity

Content (X) (P)
0.55 0.539
0.6 0.581
0.65 0.614
0.7 0.659
0.75 0.707

Figure 10. (a) Images of the porous titanium structures produced with varying spacer content (X = 0.55,
0.6, 0.65, 0.7, and 0.75, respectively). (b) Microstructure of the porous titanium structures with varied
spacer content. (¢) Compression behavior of the porous structures with varied porosity content and
(d) tabular representation of the porosity content with varying spacer content. Reproduced with
permissions from [167].

Chen et al. [173] introduced a novel space holder material that offers excellent bio-
compatibility for fabricating porous titanium structures with open and interconnected
pore networks. Spherical sugar pellets were used to synthesize porous Ti with 20 to 54%
porosity and a pore size ranging from 212 pm to 500 pm. The Young’s modulus of the
scaffold is found between 12.1 GPa and 18.5 GPa, which is very close to that of natural
bone. Polymethyl methacrylate (PMMA) is also used as a space holder material to fabricate
porous scaffolds. Li et al. [174] used PMMA to produce macro pores of size 200-400 pm
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and porosity 10-65%. The green compact was heated between 250 and 450 °C to completely
remove the space holder particles. The compressive strength and elastic modulus were
observed to be between 32 MPa and 530 MPa and 0.7 GPa and 23.3 GPa, respectively.
Table 4 summarizes the mechanical properties of different porous materials.

Table 4. Mechanical properties of titanium scaffolds prepared by different space holders (P—porosity
in %; PS—pore size (um); E—Young’s modulus in GPa; YS—Yield strength in MPa; UTS—ultimate
tensile strength in MPa; UCS—ultimate compressive strength in MPa).

Space Holder Material PS E YS UTS ucs Ref.
Mo Wire 32-47 - 23-62 76-192 - - [175]
Mg 45-70 525 0.42-8.8 15-116 - - [164]
Mg 50-71 262-132 - - - 59-280 [163]
Mg 30-50 - 15-44 117-222 - - [176]
Ti Fibers 35-84 150-600 2-4 - 200-600 - [177]
Rice Husk 50-60 100-550 - - 17-70 [165]
Rice Husk 25-36 - - - - 440-938 [166]
Rice Husk 15-34 - 6-15 - - 116-396 [16]
Sucrose 20-54 212-500 12-50 - - - [173]
Urea 480 - - - - [168]
Urea 55-75 200-500 3-6 - 10-35 - [169]

6.2. Replication Method

The synthesis of porous Ti with the help of replicating polymeric sponges followed
by high-temperature sintering is a unique technique. This process offers the fabrication
of scaffolds with a high degree of porosity and highly interconnected microspores with
identical shapes and sizes. The porous structure produced via this method has a pore
shape and size like cancellous bone [178-181]. In this method, the precise regulation of the
rapid drying process of the coated slurry is essential for achieving the desired structural
characteristics. Cachinho et al. [182] described a unique method of preparing a porous
Ti scaffold in which the scaffold was prepared by replication of a sponge followed by
reactive sintering. The main advantage of this method is the easy production of complex
shapes at a low cost. The use of a sacrificial polymeric sponge results in scaffolds with
interconnected pores, a critical feature for promoting bone ingrowth and vascularization
in newly formed tissue [183]. Such porous architectures are commonly applied in dental
implants, permanent osteosynthesis plates, and intervertebral disc replacements [184].
Cachinho et al. [182] reported using 45 vol.% TiH, powder with a mean particle size of
15.6 um and a specific surface area of 0.5336 m?/g. The polymeric sponge blocks were
dipped into the slurry and infiltrated. After the removal of excess slurry, the samples
are dried at room temperature for a period of 24 h. The sintering of samples at a low
heating rate of 1 °C/min with dwelling at 500 °C for 2 h and 1000 °C for 4 h results in the
formation of a highly porous Ti scaffold with a porosity of 75% and a pore size ranging
between 100 um and 600 pm. The porosity range of 100 pm and 600 um is appropriate
for the growth of new bone tissues and the transport of body fluids. Further, to improve
biological properties, the porous Ti is coated with hydroxyapatite and heat-treated at 700 °C.
Li et al. [185] synthesized a porous Ti-6Al-4V alloy by replicating 70 wt.% of Ti-6Al-4V
powder in water and ammonia solutions. The high-temperature sintering of samples
results in open-cell porous Ti struts with a porosity of 88% and a compressive strength of
10 MPa. It should be noticed that the second deposition of powder slurry on the previously
sintered scaffold, followed by re-sintering, increases density and compressive strength to
36 MPa. Wang et al. [186], in his study, proposed an improved sponge replication method.
A novel solvent consisting of ethanol and water was used to maintain a fast-drying rate
and appropriate viscosity of Ti slurry. This slurry was used for multiple Ti coatings, and the
Ti scaffold prepared possesses a compressive strength of ~84 MPa with a porosity of ~66%.
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Wang et al. [186] explored an enhanced polymeric sponge replication method to fabri-
cate biomedical porous titanium scaffolds. By optimizing key processing parameters, they
achieved scaffolds with open and interconnected pore architectures. In their approach,
titanium slurries were prepared using a mixture of ethanol and water as the liquid phase.
Figure 11a,b display the asymmetrical titanium particles and the open, interconnected struc-
ture of the polyurethane (PU) foam used as the sacrificial template. Figure 11c outlines the
process flowchart for fabricating porous titanium via this improved replication technique.
Notably, three modifications distinguished this method from conventional approaches:
(1) Ethanol-water mixtures replaced water alone to improve slurry formulation; (2) excess
slurry was removed through centrifugation rather than squeezing, preventing the forma-
tion of closed pores; (3) variations in slurry viscosity were introduced for more uniform
coating. SEM images in Figure 11d,e illustrate the resulting microstructures, showing that
scaffolds fabricated with ethanol exhibited a denser titanium coating compared to those pro-
duced using only water. This densification, attributed to ethanol’s anti-foaming properties,
resulted in enhanced compressive strength. Furthermore, in vitro studies demonstrated
that the scaffolds supported the adhesion, proliferation, and growth of mesenchymal stem
cells (MSCs), confirming their suitability for biomedical applications.
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Figure 11. (a) Secondary electron image of Ti-powder, (b) secondary electron image of PU foam,
(c) flowchart describing the process of porous Ti fabrication via enhanced polymeric sponge replica-
tion method, (d) secondary electron image of the porous Ti produced without ethanol in the solvent,
and (e) secondary electron image of porous Ti produced with ethanol in the solvent. Reproduced
with permissions from [186].

6.3. Entangled Metal Wire Technique

Porous Ti implants fabricated via conventional methods exhibit low toughness and
tensile strength. The major drawback of these conventional techniques is the difficulty
in avoiding contamination and impurities in Ti that arise during processing. Sometimes,
undesirable cracks and metallographic defects in sintered Ti struts make them brittle,
and thus, they fail to bear tensile load [187]. Also, the porous Ti fabricated by powder
metallurgical techniques using a space holder and plasma spray technique has low ductility
that may break in the body’s environment when subjected to uncertain overloading and
accidents [188]. The entangled metal wire technique (EMWT) is a novel technique that
improves these mechanical properties. In this technique, a Ti wire of a diameter of ~0.08 mm
to 0.27 mm is used as raw material, and this wire is coiled around a 1.5 mm-diameter rod
to form a coiled spring-like structure. The coiled structure is stretched equably such that
the distance between two spirals (screw pitch) reaches the external diameter of the coil.
This stretched coil is now entangled around a 1 mm diameter rod to form a pre-compacted
sample. Finally, this pre-compacted sample is compacted with the help of a piston in a
cylindrical die [189].
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The mechanism of fabrication and sample porous titanium scaffold prepared by the
entangled metal wire technique is shown in Figure 12. Several researchers have fabricated
porous titanium scaffolds using EWMT. Zou et al. in 2008 [177] prepared open-cell porous
titanium with porosity of 35 to 84% by sintering titanium fibers of 200 um diameter
in a vacuum. The titanium fibers were curved into a helix with the help of a screw,
and then, this helix was arranged in a cylindrical form, followed by compaction and
vacuum sintering at 1250 °C for 2 h. The resulting porous scaffold has a pore size of
150-600 pm. Young’s modulus was in the range of 3.5-4.2 GPa, and compressive strength
was 100-200 MPa. Liu et al. [190] fabricated entangled titanium wire material through
different procedures: one with normal wire and another with coiled wire; its compressive
and pseudo-elastic hysteresis behavior was investigated. The details of the properties
obtained are discussed in Table 5. Jiang et al. [191] fabricated an entangled porous titanium
composite filled with biodegradable magnesium melted at 700 °C under the protective
environment of SFg and CO; to improve the fixation bonding between the implant and
host bone. Bisphenol A glycidyl methacrylate (BisGMA) is suggested as a bonding material
to provide strong bonding strength and help in fixing the free nodes of the entangled
structure [192]. Wang et al. in 2017 [175] proposed a novel technique for the fabrication of
a three-dimensional porous titanium scaffold. This method combined two methods: An
entangled Molybdenum wire was used as a space holder, and titanium liquid was cast in a
vacuum environment, followed by etching off SH particles in an aqua regia solution. The
resulting porous scaffold has three-dimensional interconnected pores with porosity in the
range of 32-47% and exhibits elastic modulus in the range of 23-62 GPa and yield strength
in the range of 76-192 MPa, as shown in Table 5.

Figure 12. (a) Porous titanium samples prepared by the entangled metal wire technique: (b) magnified
image of the marked region in Figure 12. (a,c) Compressive behavior of the porous titanium structures
produced by the entangled metal wire technique. Reproduced with permissions from [191].

Table 5. Mechanical properties of porous titanium prepared by entangled metal wire technique
(P—porosity in %; PS—pore size (um); E—Young’s modulus in GPa; YS—yield strength in MPa;
UTS—ultimate tensile strength in MPa; UCS—ultimate compressive strength in MPa; FS—flexural
strength in MPa; NR— not reported).

Method Material Used P PS E YS UTS ucs FS Ref.
EWMT Entangled Mo Wire 32-47 0.4 23-62 76-192 - - - [175]
EWMT Ti Wire 35-84 150-600 2-4.2 - 200-600 - - [177]
EWMT Entangled Ti Wires 44-81 NR 0.03-2.25 - - - 9-325 [193]
EWMT Entangled Ti Wire 53-55 NR 0.03-1 3-3.5 - - - [188]
EWMT Entangled Ti Wire 37-54 NR 22-47 - - 175-246 - [191]
EWMT Entangled Ti Wire 40-55 100-400 04-1.4 12.9-52.5 - - - [192]
EWMT Entangled Ti Wire 45-58 50-200 1.05-0.33 75-124 48-108 - - [187]
Normally entangled Ti Wire 48-73 - 0.13-0.82 2-31 - - -
EMWT [190]

Coiled entangled Ti Wire 48-78 - 0.04-0.62 1-19 - - -
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6.4. Spark Plasma Sintering (SPS) and Hot Pressing (HP)

The conventional sintering or pressureless sintering process involves heating Ti and
its alloys at an elevated temperature of 1200 °C to 1400 °C (but below the melting point
of the material) and a high vacuum of the order of 4 x 1074 Pa to 6 x 107° Pa for a long
time period of about 24 h to 48 h [194] for densification and homogenization [195,196].
Even after this lengthy procedure, achieving a pore-free homogeneous microstructure is
challenging [196]. SPS is an advanced consolidation technique that uses pressure-assisted
pulsed current to sinter and can produce porous samples. In this process, the powder
is loaded in an electrically conducting die that acts as a heating source when subjected
to a pulsed direct current. Thus, the powdered samples will be heated from both sides
under uniaxial pressure [197-200], and due to this fast heating, enhanced mass transfer
and rapid powder consolidation will occur [201]. Two theories explain the consolidation
mechanism of commercially pure (CP) Ti. According to the first hypothesis, the surface
of the powder particles is cleaned and activated by spark discharges generated between
metallic powdered particles, thus promoting mass transport for sintering [202,203]. Another
hypothesis suggests that the densification of powder is due to particle deformation because,
as the temperature increases, the yield strength of the powder particles decreases [204].
Spark plasma sintering (SPS) is also referred to by several alternative names, including field-
assisted consolidation, electrical field-activated sintering, plasma-activated sintering, and
electrical discharge compaction [203,205-207]. SPS is also known by other names, such as
field-assisted consolidation technique [205], electrical field-activated sintering [203], plasma-
activated sintering [206], and electrical discharge compaction [207]. These methods enable
the rapid sintering of metallic powders by applying electrical discharge in combination
with swift heating and concurrent pressure. Similarly, in HP, the metallic powder is sintered
with the help of electrical resistance in a closed die under uniaxial pressure. Different
heating methods, such as induction heating and electric conduction/convection/radiation
heating, can be used in HP [208,209]. Ibrahim et al. [210] synthesized porous Ti and its alloy
using a cost-effective SPS technique. In this process, porous Ti with different porosities was
successfully synthesized by the powder metallurgy technique using NH4HCOj3 as a space
holder and TiH, as a foaming agent. SPS is used to consolidate powder at 16 MPa under
pressureless conditions. The experimental results showed that pure titanium samples
achieved full relative density at a relatively low temperature of 750 °C and a pressure of
16 MPa. The porosity of 53% and Young’s modulus of 40 GPa were achieved in the case of
pressureless sintering at a temperature of 1000 °C.

Kashimbetova et al. [211] investigated the fabrication of porous titanium structures
using pressure-less spark plasma sintering (PL-SPS). Their study focused on examining
how different sintering temperatures influence the microstructural features and mechanical
performance of porous Ti. Figure 13a,d,g display the porous strands formed at 1400 °C,
where bonding occurred primarily at contact points between adjacent Ti particles in the
early sintering stage. At 1500 °C, more developed sintering necks between particles were
observed, as shown in Figure 13b,e h, indicating enhanced densification with limited
grain growth. Further sintering at 1600 °C brought the structures into the mid-stage of
sintering, marked by significant pore shrinkage, though overall porosity was maintained
(Figure 13¢,f,i). Increased densification at higher temperatures had a direct effect on
compressive yield strength (Figure 13j). At 1400 °C, the weakly bonded particles resulted
in a low yield strength of 4.7 MPa. This increased to 26.7 MPa at 1500 °C due to the growth
of sintering necks and reached 52.6 MPa at 1600 °C because of further densification. The
samples sintered at 1500 °C and 1600 °C exhibited elastic deformation followed by strain
hardening during compression. In contrast, the structure sintered at 1400 °C reached peak
stress shortly after yielding and then gradually fractured, as shown in Figure 13k. The
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compressed sample sintered at 1600 °C maintained its pore geometry, particularly in the
printing plane (Figure 131). The findings suggest that intra-strand porosity significantly
influences mechanical strength when inter-strand porosity is kept constant. A comparison
of the properties of porous titanium synthesized using SPS and hot pressing (HP) from
various studies is presented in Table 6.

6.5. Microwave Sintering

Electromagnetic waves with a frequency in the range of 300 MHz to 300 GHz are
referred to as microwaves. The most used microwaves for material processing have fre-
quencies between 2.45 GHz and 915 MHz [212]. When materials interact with microwaves,
they convert electromagnetic energy into heat energy within the material. The main ad-
vantage of microwave sintering is the complete sintering of the material without forming
impurities (like oxides). This technique is applicable for sintering ceramics, metals, and
composites, offering advantages such as reduced processing time and energy consumption,
cost-effectiveness, and environmental sustainability [213]. In powder metallurgy-based
manufacturing routes, particularly after pressing and sintering, incompletely bonded or
loosely attached particles may remain on the surface of porous titanium structures, and
their release into the body can trigger inflammatory responses, macrophage activation, and
osteolysis, ultimately jeopardizing implant stability [214]. Preventing such complications
requires ensuring adequate particle bonding through optimized sintering conditions and
robust neck formation, followed by thorough post-processing steps such as ultrasonic
cleaning, chemical/acid etching, abrasive or mechanical removal of weakly attached parti-
cles, and thermal treatments to consolidate surface layers. Complementary quality-control
procedures, including micro-CT analysis, surface morphology inspection, and mechanical
integrity assessments, are also essential to verify the absence of detachable particles. A com-
prehensive discussion of surface post-treatments for bio-implants is presented in Section 6.6
of this review article. Table 6 demonstrates the processing conditions and physical and
mechanical properties obtained using SPS, HP, and microwave sintering.

1600 C

1500 °C

1400 °C

10 15 20 25 30 35
Strain [%)

Figure 13. Images depicting porous titanium fabricated using pressureless spark plasma sintering
as a function of varying sintering temperatures: (a,d,g) 1400 °C, (b,e,h) 1500 °C, and (c,f,i) 1600 °C.
(j) Compressive stress—strain curves of porous titanium as a function of different sintering tempera-
tures. Images of the (k) fractured sample sintered at 1400 °C and (1) compressed sample (sintered at
1600 °C). Reproduced with permission from [211].
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Table 6. Processing conditions and mechanical properties of porous titanium prepared by spark
plasma sintering, hot pressing, and microwave sintering (ST—sintering temperature in °C; TP—time
and pressure; P—porosity in %; PS—pore size (um); E—Young’s modulus (MPa); YS—yield strength
in MPa; UCS—ultimate compressive strength in MPa; UTS—ultimate tensile strength in MPa).

P ST TP P PS E YS ucs UTS Ref.
Spark plasma sintering
Pure Ti 750 16 MPa Fully dense - ~125 - - -
Pure Ti 1000 Pressureless 53 - 40 - - -
Ti5Mn alloy 950 Pressureless 56 - 35 - - - (2100
Ti5Mn alloy 1100 Pressureless 21 - 52 - - -
Pure Ti 700 - 30-70 125-800 6-36 27-94 - - [215]
fg:sllgtyogéil;;’ 1000 10min,30MPa  0.5%0.1 - 72£1 550 - - [216]
&?ﬂ;’é’)ﬁ"ﬁm 1000 10min, 30 MPa 40402 ; 71 867 i ; [216]
Ti-6Al-4V 700 3 min, 30 MPa 32402 - - - 125 - [217]
Pure Ti 600 3 min, 30 MPa 32+04 - - - 113 - [217]
CP Ti (Grade 1) Powder 900 5 min, 60 MPa - - - 340 - 445
Cryomilled
nanocrystalline CP Ti 850 - - - - 770 - 840
(Grade 2) powder [218,219]
CP Ti (Grade 3) powder 900 5 min, 60 MPa - - - 595 - 720
g;‘c’;gi‘t titanium - 3 min, 80 MPa - - - 480-635 - 655-690
Hot pressing
Ti-45NDb (gas-atomized) 600 30 min, 700 MPa 0.7£02 - 70+1 447 - - [216]
Ti-45NDb (milled) 600 30 min, 700 MPa 37+0.1 - 701 940 - - [216]
Microwave sintering

;fﬁétY/MWCNTi 1620 - 25 - 11+3 145 270 - [213]

6.6. Additive Manufacturing (AM) or Rapid Prototyping (RP)

Additive manufacturing (AM), also known as rapid prototyping (RP), is a computer-
assisted advanced fabrication technique that utilizes computer-aided design (CAD) and
computer-aided manufacturing (CAM) models to construct predefined microstructures,
macrostructures, and precisely controlled hierarchical architectures [220,221]. As the de-
mand of the manufacturing sector is more focused on precision and specific design, the
AM technique has emerged as a strong tool for mitigating problems associated with con-
ventional powder metallurgy techniques like material loss during post-processing (like
machining, drilling, etc.), large production time, difficulty in producing complex shapes,
etc. [222-225]. AM has been extensively utilized in the medical field by creating patient-
specific components based on patients’ medical imaging [226]. The major advantage of
this technology is the control over scaffold pore structure, including pore size, shape, vol-
ume, and interconnectivity [227]. It is a layer-by-layer fabrication process in which the
selected part is built in a CAD file [228-230]. The file is sliced along the Z-axis in a virtual
environment, and a machine-specific tool path is generated for each slice.

AM offers specific advantages like site-specific deposition with higher cooling rates
and can easily produce intricate shapes [231]. The interconnectivity of the porous structures
is a key issue in porous metallic structures. As mentioned above, this issue cannot be
perfectly controlled by other conventional manufacturing techniques. In contrast, the final
structure of the AM-fabricated components relies on the initial design with interconnected
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structures through AM. The porous Ti can be easily fabricated without design restrictions.
Additive manufacturing (AM) techniques can be categorized based on the energy—powder
interaction and consolidation mechanism, including methods such as electron beam melting
(EBM), selective laser melting (SLM)—also referred to as laser powder bed fusion (LPBF)—
laser-engineered net shaping (LENS), and binder jetting (BJG) [232,233]. Though there
are several AM processes, only a few techniques, including SLM/LPBF and EBM, are
widely used and can fabricate a wide variety of materials. Other AM processes like
directed energy deposition (DED) are widely used for higher deposition rates and large-
scale manufacturing [234].

Apart from fabricating intricate shapes, the AM structures also exhibit improved prop-
erties because of hierarchical microstructures resulting from higher cooling rates observed
during the process [235-237]. Moreover, AM produces a unique microstructure and texture
compared to conventional processing, which helps to improve the strength by maintaining
the same porosity [238]. As mentioned in Section 5, Ti shows allotropy. Moreover, Ti6Al4V
exhibits the coexistence of o and (3 microstructures, providing versatility in the Ti-based
alloys. Since SLM/LPBF offers high cooling rates, a fine o’ martensite or o’ martensite-
based microstructure is observed in these samples [239-241]. The «’ martensite appears
as an acicular or needle-shaped microstructure, which has an hcp crystal structure like
the « phase. Like ferrous martensite, Ti-based martensite also helps improve its strength
at the cost of ductility. Hence, AM-fabricated structures may require post-processing,
such as heat treatment, to tune their properties according to the requirements [242,243].
Sabban et al. [244] introduced a novel heat treatment approach that successfully trans-
formed martensitic laths into a bimodal globularized microstructure in the AM Ti64 alloy,
resulting in an 80% enhancement of ductility and a 66% improvement in toughness. In
subsequent research by the same group, Gupta et al. [245] fabricated a Ti64-based bone plate
using the AM technique. They employed a specially designed process of repeated cyclic
heating and cooling, as previously described, to transform the microstructure from acicular
to bimodal without the need for plastic deformation before heat treatment. Moreover, the in
situ dissolution of «’ is also possible by changing the processing parameters and providing
double or triple laser scanning in selective laser manufacturing [246-248].

AM-fabricated porous Ti alloys exhibit relatively better mechanical properties due
to interconnected structures [35,249]. The good interconnectivity of the porous implants
enables uniform load distribution among the structures, while poorly connected porous
structures typically fail prematurely at the joints. Ample evidence in the literature suggests
premature failure for porous metallic implants [250,251]. Given the advantages, there are
also some drawbacks, including surface defects, which usually tend to deteriorate the
build’s properties. One can understand the importance of AM for biomedical applications,
as illustrated in Figures 14-18. Biomedical implant dimensions and requirements vary from
patient to patient, making other routes challenging. Porous Ti implants are usually used
for orthopedic implants owing to their outstanding mechanical and biological properties.
The elastic modulus of bone ranges between 10 and 20 GPa and is mostly composed of
inner cancellous and outer cortical bone [252]. Meanwhile, dense Ti alloys have an elastic
modulus of around 110 GPa. However, it is worth mentioning that metallic alloys fabricated
via AM tend to possess a lower elastic modulus than regular Ti-based alloys, making them
comparable to bone [32]. In addition, porous Ti also possesses high rigidity and good
fatigue properties, making it a suitable candidate for biomedical implants.

Figure 14 shows the Ti femoral implant and the hip ball-and-socket joints [253-255].
Pelvic injury is prevalent in trauma patients, caused by impact, rolling, steep falls, and
other injuries. Recently, AM has often been employed for preoperative examination and
simulated surgery treating pelvic fractures. Investigations demonstrate the possibility
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of employing AM-fabricated Ti alloys for pelvic implants [256,257]. Wong et al. [258]
manufactured pelvic-specific implants from Ti alloy and evaluated their performance.
Broekhuis et al. [259] used AM to customize and create metallic pelvic prostheses for
acetabular repair following tumor resections.

Figure 14. (a) Medical titanium alloy for anti-corrosive properties in femoral implant [253]; (b) 3D-
printed titanium hip ball-and-socket implant: image credit: Jabil [254]; (c) first trabecular titanium
hip cup produced by Lima Corporate, San Daniele del Friuli, Italy and Arcam MoIndal, Sweden (now
a GE Additive company) in the year 2007 [255].

The spinal column is composed of interconnecting bones called vertebrae, which begin
at the base of the head and finish at the tailbone in the lower back. The vertebral column is
formed by stacking one bony vertebra on top of the next. The intervertebral discs are disc
cushions that sit between each of the vertebral bodies. These discs act as shock absorbers,
connecting the vertebrae (Figure 15). These discs also allow for the spine’s bending and
twisting action, assisted by facet joints. The spinal column protects the spinal cord, which
links the brain’s nerves to other body parts. In 2017, the United States FDA (Food and Drug
Administration) authorized two alloys of Ti spinal implants made by AM. One example
of an additively manufactured vertebral implant is the HAWKEYE Ti, while another is
the NEXXT MATRIXX 3D-printed spinal implant. Hollander et al. [260,261] employed
AM technology to fabricate spinal implants with tailored porosity and demonstrated that
their surface characteristics supported the adhesion and proliferation of human osteoblasts.
Lin et al. [261] utilized the SLM/LPBF method to achieve a porosity of approximately
55%, resulting in an elastic modulus close to that of natural human bone (~3 GPa). This
structure also exhibited superior bone regeneration capabilities compared to conventional
PEEK cages.

. )
Figure 15. Human spinal column with the insert in black illustrating ATEC’s IdentiTi posterior
curved porous titanium interbody implants [262].

In certain cases, implants can act as bone replacements without being subjected to
considerable and constant bearing or additional stress. Figure 16 is the cranial implant
developed by Novax DMA [263] for a patient requiring a large metallic implant. In the case
of a skull implant, external variables, particularly the implant itself, should be promoted
rather than hindering the healing process. Most significantly, the implant should fit as
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perfectly as feasible, as offered by AM. The manufacturing technique, which uses a laser for
building up a material (Ti) layer by layer, allows for maximum customization in terms of
form and size. Because of the large hole in the patient’s bone structure, integrating biological
activities and minimizing heat loss into the brain tissue were given high priority. A Ti
construction may also be impermeable to brain tissue fluid. Only permeable construction
may satisfy the requirements.

A lattice-structured implant with skull-integrated, screw-in fasteners allows fluids to
pass through and combine with the skull’s bone. Furthermore, such a construction would
provide insulation, reducing heat transfer entering the cranial cavity. The pore spaces are
around 1 mm, whereas the cell links are about 0.2 mm thick. Murr et al. [264] described
a reticular skull implant developed through EBM. Mazzoli et al. [265] used CT imaging,
computer modeling, and AM to produce a biocompatible Ti skull implant. Zhao et al. [266]
observed that personalized Ti-based skull prosthetics made via AM offered higher impact
resistance while efficiently repairing skull deformities and protecting intracranial brain
tissue. Yan et al. [267] employed EBM to create a mandibular prosthetic implant that had a
3D mesh and a porosity of 81.3%, which fits the parameters for implantation in the human
body (Figure 17). Figure 17a illustrates the 3D anatomic model of the human mandible
developed using a CT imaging technique. Figure 17b shows the 3D structure developed in
CAD software (Unigraphics NX 8.0, EDS) by providing internal 3D meshing for porous
structures. Meanwhile, Figure 17c,d demonstrate the mandibular prosthetic implant pro-
duced by EBM. Moiduddin et al. [268] utilized a Ti-based alloy to fabricate cheekbones.

(a) (b)

Porosity Levels = 95%

Figure 16. (a) Skull implants developed by Novax DMA. (b) Magnified image of the porous titanium
cranial implants with porosity levels of 95% [263].

(a)3D anatomic model of a human mandible (C) TiBAI4V scaffolds by EBM

Design of mandibular
scaffold 3D mesh
internal microstructure.

(b)

Figure 17. (a) Three-dimensional anatomic model of a human mandible prosthetic. (b) Design of
mandibular scaffold 3D mesh internal microstructure. (c,d) Titanium alloy scaffolds produced by
EBM with porosity levels of 81.3% and a weight of 107 g. Reproduced with permissions from [267].
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Yanez et al. [269] studied the gyroid porous Ti structures, where triply periodic mini-
mum surfaces (TPMS) have been recognized as an effective approach for developing porous
biomaterials. They developed a variety of porous Ti structures with varying degrees of
porosities using EBM to investigate mechanical characteristics under compression and
torsion loads, as illustrated in Figure 18. Compression testing indicated that deformed
gyroid structures possess significant strength and stiffness when subjected to axial loading,
particularly when a reinforcing shell is incorporated. In torsional loading, however, con-
ventional gyroids outperformed deformed gyroids with high CAD-defined porosity (90%)
in terms of both torsional strength and stiffness. Notably, deformed gyroids exhibited supe-
rior mechanical behavior under compressive loads compared to their regular counterparts.
Conversely, regular gyroids demonstrated better adaptability to non-axial and torsional
loading conditions [269].
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Figure 18. (a) Six variations of gyroid-structured porous titanium: normal gyroid 75, normal gyroid
90, deformed gyroid 75, deformed gyroid 90, deformed gyroid with shell reinforcement, and double
deformed gyroid. (b) Visual depiction of compressive testing performed on the gyroid porous tita-
nium structures. (¢) Image capturing the torsional testing of one of the porous titanium configurations.
Reproduced with permissions from [269].

Figure 19 depicts the many surface flaws that arise during bio-implant manufacturing.
AM-processed bio-implants are often not ready for use due to surface defects such as powder
adhesions, semi-welds, surface casing, porosity, balling effect, etc., highlighting the need
for post-processing. The nature of the designs, prior processing software, and processing
equipment all influence post-processing requirements. Post-processing includes removing
unwanted material, improving the texture of the surface, aesthetic enhancements, component
separation, rebinding and sintering, machining, surface finishing, non-thermal performance
enhancement, heat treatment, and quality assurance. It is critical to enhance the surface
finish by employing suitable surface quality techniques for AM-built biomedical implants to
compete alongside widely recognized traditionally fabricated bio-implants [270-272].

Conventional processes involve employing multipoint or single-point instruments
for cutting directly over the surface that is being finished or polished. These include
robot-based finishing, rigid tool-based finishing, and computer numerical control-based
finishing. Conventional processes are more difficult and time-consuming as they tend to
induce residual stress on the surface. Cutting speed, feed, and other factors impact the
machining characteristics and efficacy of difficult-to-cut minerals or metals, particularly
Ti. The right choice of cutting and finishing parameters is critical for increased production
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and widespread use in industries. Because of the increased use of implant finishing and
existing issues with traditional machining, innovative methods are necessary to improve
the machining properties of metallic implants [273]. The finishing procedure comprises
polishing, but only for the outside cylindrical sections; it cannot complete the inside
cylinders or intricate geometrical forms of the implants. Similarly, the grinding method
of finishing does not allow access to the implants’ deep holes and may leave markings
on the final surface. Lapping is a laborious finishing method that is not suitable for
intricate geometrical designs of implants. The burnishing procedure causes the completed
surface to harden, making it unsuitable for thin-walled surfaces [274]. All limitations of
conventional procedures have necessitated the development of improved finishing methods
for bioimplants. Figure 20 illustrates the categories of surface post-treatments that may
improve the surface characteristics of traditional or additively made bio-implants.

Looscly
Bonded Surface pores
Powders
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. Surface Stair-stepping
IOMECLES Defects in AM
fabricated
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. Step
Semi welds discontinuitics
Melt Balling

Figure 19. Surface defects occurring during AM-fabricated implants (reproduced with permis-
sion from [272]).

‘ Surface post-treatments for the Bio-implants
I

I

1
l .
’ Coatings | Hybrid post-
| treatments
Plasma electrolytic
oxydation

T
No material removal
processes

————

Mechanical based | Thermal based
processes processes

I
Material removal
Processes

Nieohanicall

based processes

Chemical based 3 -
processes Shot peening ~‘Heat tr Amibain ‘

Hybrid based
processes

«‘ Rolling

Cavitation
p 2

Laser
polishing

|| Hydroxyapatite
Laser re-melting coating

Thermal based . Electro spark
Bead blasting { Las:;nsi}rllmk deposition

Electro-phoretic
deposition

ultrasonic
peening

Figure 20. Classification of surface post-treatment for titanium implant materials for enhanced surface
properties. Reproduced with permission from [270-272].
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Srijan et al. [275] utilized surface mechanical attrition treatment (SMAT), a severe
plastic deformation technique, to enhance the surface-dependent and functional properties
of 3-Ti alloy. The increased defect density resulting from SMAT led to a reduced corrosion
rate through the formation of a stronger oxide layer and an improvement in wear resistance.
Srijan et al. reviewed and classified recent advancements in surface modification, focusing
on the induction of nano-crystallization on metallic biomaterials through various surface
modification techniques [276].

6.7. Recent Trends in the Development of Porous Ti Scaffold: Titanium-Based Interpenetrating
Phase Composites

As discussed in the previous sections, the major causes of implant failure, like stress
shielding, implant loosening, etc., can be mitigated by reducing Young’s modulus by mak-
ing them porous using different fabrication techniques. However, these modifications
invariably reduce the strength and fatigue resistance as compared to their dense counter-
part [31,277-280]. To enhance the mechanical and biological properties of Ti-based scaffolds,
researchers explore various techniques to integrate a secondary bioactive phase into the
3D-printed porous framework [281]. Magnesium, zinc, calcium, and iron [44,282-285], or
their alloys, are commonly utilized metallic biomaterials. At the same time, hydroxyapatite
(HAp), wollastonite (CaSiO3) [28], etc., are common ceramic materials that can serve as filler
material. The logic behind adding all these materials inside the metallic porous network is
to provide mechanical and biological support during the initial implantation period. Since
these filler materials are either biodegradable or bioresorbable, they naturally degrade
within the human body over time [286]. Zhang et al. [287] developed a Mg-Ti composite via
the pressureless infiltration of Mg into an AM-fabricated Ti6Al4V scaffold. Since the con-
stituents of the composite were continuous and mutually interpenetrated in the 3-D space,
the composite was termed an interpenetrating phase composite. These porous structures
were designed to mimic the bioinspired architecture (Figure 21). The composite shows
effective stress transfer, delocalized damage, and arrest cracking. Similarly, Dou et al. [281]
fabricated partially degradable interpenetrating phase composites by first creating a pure
titanium-based dodecahedral cellular structure with pore sizes ranging from 400 to 500 um
using selective laser melting (SLM), followed by pressureless infiltration of pure magne-
sium into the porous framework. The developed composite possesses a higher strength
(yield strength of ~64 MPa and ultimate compressive strength of ~275 MPa) and lower
modulus (~47.3 GPa) than cast pure Mg and Ti. Also, the degradation of the Mg supports
the ingrowth of bone tissue and biological fixation between the host and implant. In vitro
and in vivo studies of these composites revealed that the composite exhibits accelerated
corrosion compared to pure Mg. Still, it remains non-cytotoxic and does not induce obvious
adverse reactions following implantation.

In a similar approach, Rahmani et al. [28] reported the addition of three different types
of wollastonite (CaSiO3)-based bio-ceramic via SPS in an AM Ti6Al4V lattice, as shown in
Figure 22. The produced composite exhibited higher wear resistance, damage tolerance,
and mechanical properties, which can improve the durability of the bones. In addition to
Ti6Al4V, TiNi, and Ti22AI125Nb, porous samples infiltrated with wollastonite showed that
TiNi has a higher damping capacity, while Ti22 A125Nb induces a higher portion of elastic
deformation. In another study, Rahmani et al. [28] reported improved impact and osteoin-
ductivity by manufacturing hybrid wollastonite and Ti6Al4V for craniofacial implants.
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Biological architectures Bioinspired scaffolds Infiltrated composites
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Ti-6Al-4V
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Figure 21. Bioinspired architecture comprises additively manufactured Ti6Al4V and pressureless
infiltrated Mg. The developed Mg-Ti composite resembles bioinspired architecture showing (a) brick-
and-mortar structure, (b) Bouligand structure and (c) crossed-lamellar structure. Reproduced with
permission from [287].
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Figure 22. Processing step for designing cranio-maxillofacial implant by infiltrating wollastonite and
hydroxyapatite-based nanoscale bioceramics inside titanium alloys with arbitrary lattice structures.
Reproduced with permissions from [27].

7. Current Challenges for Porous Titanium

Porous Ti has the potential to be suited for biomedical applications due to its high
strength, lower elastic modulus, longer fatigue life, and good wear and corrosion resistance.
In addition to the abovementioned mechanical properties, porous Ti exhibits excellent bio-
compatibility and helps pass fluids through the porous structures. Nevertheless, challenges
are associated with the fabrication and processing of porous Ti implants:
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(1) Porous Ti implants are difficult to manufacture, and optimally controlling pores and
maintaining the uniformity of pores are challenging tasks.

(2) The interconnectivity of the pores is essential in determining the mechanical properties
of the implants. It is paramount to maintain a tradeoff between the strength and
porosity of porous Ti implants.

(3) Asimplants undergo repeated cycles of loading and unloading during daily activities,
the porous structures generally exhibit lower fatigue resistance compared to their
dense counterpart. The pores serve as potential initiation points for fatigue cracks,
which can gradually propagate and ultimately result in premature implant failure.

(4) There must be a balance between patient-specific implants and large-scale production
of implants, i.e., customization and production, since developing porous structures
and meshing is time-consuming.

(5) The implant cost should also be considered, as porous Ti implants are usually costlier
than fully dense implants. Higher costs of implants reduce the demand in the market.

(6) Implementing thorough checking to minimize defect concentration is important to
obtain high-quality implants with better mechanical properties and biocompatibility.

(7)  Especially in the case of AM, thermal gradients can lead to variations in pore sizes
and porosity levels.

(8) The post-processing of the porous structures is also very difficult and time-consuming.
It must be carried out carefully, as small disruptions can damage the interconnected
structures, leading to defective implants.

8. Future Scope of Titanium-Based Porous Implants

Porous Ti has been proven to be the best-suited candidate, especially for orthopedic
implants and prosthetics. It has taken the field of biomaterials, specifically implants,
by storm and is expected to be the future of biomedical implants, especially orthopedic
implants. However, in short, a few porous Ti challenges must be resolved to make it
irreplaceable in the market:

(1) AM has been gaining momentum in producing porous Ti structures. However, more
efforts must be taken to fabricate porous structures with good pore interconnectivity,
which will, in turn, pave the way for better mechanical properties and biocompatibility.

(2) A biocompatible coating can be applied to enhance the osseointegration of the implant
with body fluids.

(3) Porous Ti structures can be used as multifunctional implants by integrating them with
drug delivery systems or sensors.

(4) Efforts should be made to make the porous Ti implants more accessible at an affordable
price, which is possible through process optimization to achieve higher productivity
at a lower cost.

(5) Investigations of biocompatible joining strategies should be carried out for integrating
porous Ti into various biomaterials or metallic implant structures.

(6) The development of interpenetrating phase composites is limited to the Ti-Mg system
since the developed composite has the potential to be utilized as an implant; there-
fore, a composite system comprising Ti-Zn/Ca/Fe and SS-Mg/Zn/Ca/Fe should
be explored.

9. Conclusions

The present review focused on exploring the development of Ti-based porous biomate-
rial for orthopedic applications. Different characteristics and requirements of biomaterials,
like mechanical, physical, and biological properties, are comprehensively reviewed. A
section of the review was dedicated to the structure of bone and its physiology for the
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basic understanding of bone metabolism, which should be considered while designing
and synthesizing next-generation orthopedic and dental implants. Considering the im-
portance of porous Ti-based implants for orthopedic applications, this review presents
different processing techniques, particularly based on powder metallurgy processes, and
the properties of the developed porous implants are compared. Given the importance
of the powder metallurgical route for synthesizing porous implants, a detailed study of
various powder processing techniques was carried out. Finally, this review concludes
by discussing the current challenges and future potential of porous Ti-based alloys for
biomaterial implant application.
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The present review article is a comprehensive study on the development and utilization of materials
derived from biological wastes like animal waste bone, eggshells, fish scale, etc. These waste materials
are calcium rich and can act as a precursor for the development of highly bioactive hydroxyapatite
(HAp), tri-calcium phosphate (TCP), and calcium. The developed HAp and TCP can be utilized in the field
of bone tissue engineering. The concept of valorization of these wastes into bioactive materials is a
promising solution for waste management and an approach towards sustainable development.
Copyright © 2023 Elsevier Ltd. All rights reserved.
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1. Introduction

It has been estimated that around 4.89 billion livestock popula-
tion is present globally [1] which produces 16-20 Million Metric
Tons/Year of animal waste worldwide through different sources
like slaughterhouse, restaurants, etc [2,3]. Bones, horns, seashells,
fish scales, eggshells, etc are some of the major parts which are
generally discarded. As the demand for industrial and agricultural
products is increasing the amount of organic waste produced is
also increasing. The vast amount of biological waste produced is
left unattended or disposed of in landfills, which can spread infec-
tious diseases through the emission of foul smell and the tendency
of pollutants to leach into the environment [4,5]. The fertility of the
agricultural land is also affected by these wastes [6]. To mitigate
the problem associated with these types of waste proper waste
management practices are required which involves additional cost.
In other words, the disposal of this biological waste is a challenge
for the scientific community as it creates a hindrance to environ-
mental protection and sustainable development. If these waste
materials are processed and recycled efficiently, they have the
potential to be a source of extra revenue and will directly impact
the economy of the country. Researchers throughout the world
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are working vigorously to obtain a sustainable solution for valoriz-
ing these waste materials. Many researchers have reported the
application of these waste materials in different fields like Transes-
terification of biodiesel, Tissue Engineering applications, Drug
delivery, etc. In different research findings it is concluded that if
these waste materials are treated specifically, they have the poten-
tial to be converted into a source of calcium phosphate [7,8].
Hydroxyapatite (HAp) with chemical formula Ca;o(PO4)s(OH),,
a member of the calcium phosphate family is considered one of
the most suitable bioceramics materials due to its biocompatibil-
ity, non-toxicity, osteointegration, and osteoconduction properties
[9,10]. The chemical and structural properties of HAp are similar to
that of natural bone and therefore it can promote bone regenera-
tion and biological fixation with the host tissue without any sup-
plements [11]. When HAp is introduced in biological fluid, they
release Ca®* and PO* ions upon dissolution which helps in cell pro-
liferation and bone metabolism [12,13]. Synthetic HAp produced
through different chemical methods like mechanochemical reac-
tion, wet chemical precipitation, hydrothermal conversion emul-
sion, and solgel methods is considered superior [14] with respect
to those derived from natural sources as mentioned above. But
most of these above-mentioned methods are costly and lack some
beneficial trace elements [15-17]. HAp derived from xenogeneic
(derived from different species) bone sources like bovine bone is
always considered a good option with respect to that of allogeneic
bone (derived from the same species) [18-22] because of ease of
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availability and improvement in biological constituent and struc-
ture due to thermal and mechanical processing [22-24]. Table 1
lists different methods utilized to develop HAp using different ani-
mals’ wastes bone, scale, and shells. The extent of the global
research activity in the field of development of natural source bio-
material especially by utilizing animal waste bones has created a
scope for developing HAp. Considering the potential advantages
of waste-derived HAp, the present review article is an approach
to review the synthesis methods of HAp through different waste
sources and its application in tissue engineering.

2. Animal bone waste: A source of natural hydroxyapatite (HAp)

Bio wastes like left-out bones of bovine, lamb, goat, pig, fish
bone and scale, etc generally consist of proteins, lipids, collagens
and polysaccharides as organic, and calcium phosphate (CaP) as
inorganic constituents. These waste materials are widely used for
the synthesis of HAp [22,30]. The synthesis of HAp from these
wastes generally involves the removal of moisture and organic
contents via different techniques. Thermal treatment, subcritical
water treatment, and alkaline heat hydrolysis are some of the
methods which are practiced for the development of HAp from
bio-wastes. In the alkaline hydrolysis method, microbial biodegra-
dation of keratin takes place through hydrolysis of isolated ther-
moactinomycete strains [31]. Since keratin and collagen are
similar proteins due to their fibrous structure, Barakat et al. [25]
performed alkaline hydrolysis of collagen and other organic con-
tent of bovine bones. In this method, grounded bone was mixed
with 25 wt% of sodium hydroxide solution with a solid-to-liquid
weight ratio of 1:40 followed by heating at 250 °C for 5 h. The
SEM and TEM results revealed the formation of pure HAp nanopar-
ticles at lower temperatures. In subcritical water treatment
method pressurized hot water is employed which changes the sol-
vent polarity, surface tension, and viscosity [32]. As the tempera-
ture increases the dielectric constant of water reduces resulting
in a reduction in polarity and thus many organic compounds like
collagen, protein, etc can be extracted [33]. This method is also
known as the pressurized low-polarity water method. Apart from
the above-mentioned two methods, there is another conventional
method that is most widely used and commonly known as the
thermal treatment method. Ofudje et al. synthesized waste-
derived HAp by simple heat treatment of pig bone in the temper-
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ature range of 600 to 1000 °C [29]. C.Y. Ooi et al. [22] examined
the properties of HAp derived from bovine bone sintered at differ-
ent temperatures between 400 and 1200 °C. The XRD results show
that as the sintering temperature increases above 700 °C the crys-
tallinity of the HAp phase enhances. At higher sintering tempera-
tures ie., 1100 °C and 1200 °C a phenomenon of phase
transformation HAp to B-tricalcium phosphate (TCP) was observed
[22]. The effect of calcination on the microstructural behavior of
HAp derived from human and animal bone was studied by Figueir-
edo et al. and a similarity are drawn between allograft and xeno-
graft samples [34]. Piccirillo et al. [35] for the first time utilised
different parts of the same fish to synthesize HAp and chloroap-
atite by using fish bone and scale respectively. It is also important
to note that the sintered bones form a mixture of HAp and B-TCP
and as the temperature increases the content of B- TCP also
increases [35]. The mechanism of phase transformation from
HAp to TCP was explained by Shih et al. [36]. During high-
temperature sintering phenomenon of decomposition and dehy-
droxylation takes place resulting in the formation of TCP (o and
B) [36]. Thus, from the above observations and findings through
different research work it can be concluded that waste bone
obtained from different animal sources can be utilized for the
development of HAp and TCP based materials suitable for biomed-
ical applications.

3. Calcium derived from eggshell and other anthropogenic
waste sources

An eggshell (ES) is basically a composite of calcite crystals that
is surrounded by a protein framework [37]. Along with ES various
mollusk shells like mussels, cuttlebone, oysters, snail shells, etc are
mainly composed of calcium carbonate (CaCOs), according to
Soares et al. [38] ES contains about 88 g of CaCOs; per 100 g of
air-dried eggshells. This CaCO5 can be easily converted to another
form of Ca which can be used to synthesize HAp [39]. Calcium
Phosphate (CaP) derived from ES shows in vitro biocompatibility
and the scaffolds fabricated using CaP shows osteoinductive prop-
erties which are favourable for bone tissue engineering applica-
tions [40]. The fabrication of HAp using ES involves an essential
reaction with Phosphorus precursor. There are two different meth-
ods based on the processing of raw precursor i.e., CaCOs. The first
method is direct synthesis in which ES is directly treated with

Table 1
List of different animal waste and method for the development of HAp.
Waste Method Application Major Conclusion Ref.
Material
Bovine Thermal Decomposition Production of pure HAp 65% average yield of HAp [28]
bone
Bovine Subcritical water process Production of pure HAp Very small amount of nanoparticle HAp produced [28]
bone
Bovine Alkaline Hydrothermal process Production of pure HAp Very small amount of nanoparticle HAp produced [28]
bone
Chicken Simple calcination process Guided bone regeneration  Chicken bone derived HAp can be used as an osteogenic filler [26]
bone to augments and can change the biological behaviour of
chitosan membrane.
Lates Calcarifer fish bone Simple calcination process Biomedical application
HAp sintering fish bone at 1200 °C non-cytotoxic [27]
powder behaviour
derived
by
Fish Bone Thermal treatment at 800-1050 °C for HAp Highly porous 3D scaffold  Porosity of the scaffold was 85 + 0.4% and compressive and [37]
preparation and polymeric sponge method for for tissue engineering bending strength was 0.13 + 0.007 MPa and 1.72 + 0.02 MPa
scaffold preparation application respectively.
Pig Bone Bone powder were calcined at different Tissue engineering Development of HAp based scaffold with 65% porosity [22]
temperatures i.e., 600 °C, 800 °C and 1000 °C application suitable for tissue engineering application
Fish Scale By calcining fish scale between 200 °C and 1200 °C  Biomedical application Crystallite size of fish scale derived HAp increases with the [25]

increase in temperature.
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phosphorus-based reagents [41,42]. Another method also known
as indirect synthesis involves the conversion of CaCOs into differ-
ent calcium-based products like calcium oxide, calcium hydroxide,
calcium chloride, etc. CaCO3 can be converted into calcium-based
products by direct heat treatment at different temperatures, by
dissolving CaCOs in acids [43-47]. Wu. Et al. [41] prepared HAp
by ball milling dicalcium phosphate dihydrate along with ES pow-
der for 1 h followed by high temperature sintering at 1200 °C for
1 h. Prabakaran et al. [44] successfully synthesized nano-HAp by
hydrothermal method using a cationic surfactant as a regulator
of nucleation and grain growth. The microstructure of the devel-
oped HAp crystals depends on the processing route. Different
shapes of HAp like rods, needles, flower-like shapes, etc are
reported in different research work [45]. The effect of sintering
time and temperature on the morphology of HAp crystal is shown
in Fig. 1.

4. Production of HAp by valorizing fish bone and fish scale
waste

The production of fish is increasing due to exponential growth
in its demand. It is estimated that annually 91 million tons of fish
are caught worldwide out of which 50-60% of it is consumed by
humans and the remaining by-products are treated as waste which
creates environmental-related issues as discussed earlier in the
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introduction section. Considering this fact number of research
studies are focused on the conversion of fish bone and scale waste
into HAp [49]. There are different methods of synthesis of HAp by
using fish waste, in general, this method involves washing of waste
in running water and boiling followed by chemical treatment to
remove protein [50]. Deb et al. [51] observed that HAp produced
by acid-treated fish waste posse’s smaller crystallite size with the
interconnected porous network with respect to alkaline and acid
alkaline-treated fish waste. Further, the chemically treated wastes
are calcined at different temperatures to get different crystallite
sizes and morphology of HAp powders. Barramundi, catfish, croa-
ker, cod, salmon, sardine, tuna, yellowtail, etc are some of the com-
mon fish species whose waste parts are used for HAp synthesis
[52]. Goto et al. [53] studied the effect of the presence of different
trace elements like sodium, potassium, and magnesium on the
thermal stability of HAp derived from different fish bone. The
amount of Magnesium for different fish bone was in the order of:
hoarse mackerel (0.21 mmolg™!) > greater amberjack (0.15
mmolg ') > tuna = yellowtail (0.13 mmolg™'). Tuna fish sintered
at temperature above than 800 °C produces highly crystalline
HAp with have higher value of Ca/P ratio and low magnesium con-
tent [53]. In another study conducted by Pujie Shi and co-workers
reports the presence of carbonate ion (CO3") in all the fish bone i.e.,
rainbow trout, salmon except cod fish bone [54]. Huang et al. stud-

ZBkU X255, 6868 1mm

Fig. 1. SEM micrographs representing morphological transformation of samples calcined at 1000 °C for 1, 2, 3, 7, 20, and 50 h [48].
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Rice Husk (RH) Powder
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RH powderalong with sucrose binder
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Fig. 2. Schematic diagram of the process involved in the development of HAp based scaffolds [3].

Table 2
Property comparison of 3D scaffold synthesized using different animal waste bone with respect to that of human cortical bone [3].
Type of bone Space holder used Binder used Processing condition Porosity Compressive Strength Ref.
(%) (MPa)
Human cortical NA NA NA 5-10 80-120 [55,56]
bone
Bovine bone Commercial sugar NA 900 °C 76.7+06 1.3 +0.09 [57]
Fish bone High-density polyethylene sponge PVA Initial Sintering at 85+ 0.4 0.13 + 0.007 MPa [58]
600 °C
Final Sintering
1200 °C
Fish scale Sponge replication Starch 1000-1400 °C, 2hr 35 800 MPa [38]
Pig bone Ammonium bicarbonate NA 600-1000 °C 65 NA [22]
Fish bone solvent casting particulate leaching technique/ Ethanol 1200 °C, 3 hr 75+0.8 7.26 £ 0.45 [39]
NaCl (SH) (as solvent)
Bovine one 3D Printing Glycerine 900 °C NA 3.22+0.13t05.71£043 [40]
(solvent)
Mixed bone waste  Rice Husk Sucrose Solution  1000-1400 °C, 2 hr 34-61 0.22-4.1 [3]

ied the behaviour of HAp derived through enzymatic hydrolysis
with Ca/P ratio of 1.76 through thermal treatment at 800 °C for 4 h.

5. Utilization of waste derived HAp for the development of 3D
scaffold for tissue engineering application

Bone graft surgeries like autograft, allograft, xenograft, etc
which involve the replacement of degenerated natural surfaces
with the help of tissue, or organs of a donor of the same species
or of different species are increasing. To reconstruct these damaged

tissues, bone tissue engineering can act as a substitute for conven-
tional medical practices. In bone tissue engineering scaffolds are
designed with the aim to proliferate bone tissues. Scaffold acts as
a temporary extracellular matrix that promotes cell migration, pro-
liferation, and differentiation [57,61] Biocompatibility, high poros-
ity with interconnected pore structures, bioresorbility,
osteoinduction, osteoconduction, and osteointegration are some
of the important features of bio-scaffolds [62-65]. Since the struc-
tural and chemical resemblance of HAp is like that of natural bone,
therefore the application of HAp has gained attention in the field of
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Fig. 3. SEM and EDS image of HAp based scaffold sintered at elevated temperature and immersed in simulated body fluid for different time periods [3].

bone tissue engineering. The elemental composition of HAp
derived from different animal bone varies for example HAp derived
from bovine bone contains 52.25 wt% CaO and 38.37 wt% P,0s5
whereas HAp derived from Tenggiri fish bones contains 49.84 wt
% Cao and 26.195 wt% P,0s [20,66,67]. The calcination temperature
of waste bone plays a major role in the osteoconductive property of
the scaffold. A study conducted by Rhee et al. [68] concludes that
HAp derived at 600 °C shows better osteoconductivity with respect
to that of samples sintered at 1000 °C, the main reason behind this
phenomenon is the depletion of carbonate ion and increase in crys-
tallinity of HAp synthesized at 1000 °C. The above research finding
is also supported by several other studies highlighting the role of
carbonate ions and particle size in osteoblast activity [69,70]. Syn-
thesis of porous 3D scaffolds for bone tissue engineering using dif-
ferent materials is reported by different researchers. In our recent
research work [3]| we fabricated a porous HAp-SiO, 3D scaffold
using waste bone obtained from different sources like restaurants,
slaughterhouses, etc. Along with the use of rice husk powder as a
space holder material as shown in Fig. 2. The scaffold posse’s
porosity of 34-61% based on sintering temperature and weight
percent of rice husk. The compressive strength of the developed
scaffold was up to 4.1 MPa. The obtained properties of the devel-
oped scaffold are comparable to that of natural bone and hence
can be used for tissue engineering applications. Table 2 lists the
comparative analysis of porosity and mechanical properties of
Hap-based 3D scaffold fabricated using different animal bone
waste with that of human cortical bone. Similarly, Naga et al.

[28] fabricated a highly porous ceramic scaffold using thermally
treated fishbone by polymeric sponge method. The overall process
involves three stages starting with the extraction of pure HAp of
average particle size 50-80 nm from the fishbone skeleton, fol-
lowed by the formation of a highly porous HAp scaffold using a
polymeric sponge and heat treatment at 900 C. Mechanical and
structural characterization revealed that the scaffold posse’s poros-
ity is in the range of 85 + 0.4% with a pore diameter in the range of
1-3 pum along with bending and compressive strength of
1.72 + 0.02 Mpa and 0.13 + 0.007 MPa respectively. Weeraphat
et al. [50] studied the physicochemical, bioactivity, and biological
properties of HAp which is derived from fish scale, and compared
it with that of chemically synthesized HAp. It was concluded that
fish scale-derived HAp consists of flat plate nanocrystals with sizes
of 15-20 nm whereas chemically derived HAp has crystals in the
range of 100 nm. Biocompatibility and bioactivity studies also sug-
gest that fish scale-derived HAp has the potential to be used as an
alternate for bone scaffold or regenerative materials (see Fig. 3).

6. Conclusion and future perspective

Animal bone waste derived from different sources contains
valuable precursors which can be utilized for the development of
HAp-based materials as they are rich in calcium. In this review, dif-
ferent methods of development of HAp using different types of ani-
mal waste like bones, shells, scales, etc are discussed. Generally,
HAp can be derived from calcium phosphate and calcium sources
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thermal decomposition, subcritical water process, and alkaline
hydrothermal process. The properties of 3D scaffold developed
from waste-derived HAp possess mechanical and biological prop-
erties like that of natural bone and thus can be utilized for the
development of biomaterials. The concept of valorization of animal
waste by synthesizing HAp is an idea to reduce the cost of HAp-
based biomaterials and also a strategy for effective waste manage-
ment. It is beneficial to conduct future research in the field of bone
regeneration using animal waste bone as a scaffold. It is important
to investigate the biodegradation properties of the scaffold, as well
as conduct an in-depth analysis of degradation products. Compre-
hensive studies on properties such as porosity and compressive
strength of the scaffold, along with in-vitro and in-vivo analysis,
are important.
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A. Introduction

Microstructural, mechanical, corrosion, and
biological behavior of spark plasma sintered
commercially pure zinc for biomedical
applications

Mayank Kumar Yadav,? Riddhi Hirenkumar Shukla,® K. Praveenkumar,”
Sagar Nilawar,® Chandra Sekhar Perugu,® Prabhukumar Sellamuthu,®
Kaushik Chatterjee, @< Satyam Suwas,® J. Jayaraj 2 ® and K. G. Prashanth @ *a"

This study investigates the microstructural, mechanical, corrosion, and biological behaviors of spark
plasma sintered (SPS) zinc (Zn) samples for biomedical applications. The findings reveal that SPS signifi-
cantly refines the grain structure of pure Zn compared to the conventional casting method. The SPS
process, conducted at a lower sintering temperature of 300 °C and a high uniaxial pressure of 50 MPa,
produces fine and uniform equiaxed grains with an average size of 19 um. The resulting Zn samples
exhibit a calculated density of 7.1 g cc™* due to complete densification. The sintering process disrupts
the initial texture strength, and the uniform grain orientation achieved during SPS contributes to an
isotropic microstructure, enhancing the mechanical properties. The compressive yield strength and
ultimate strength of the SPS samples are 115 + 4 MPa and 191 4+ 6 MPa, respectively. The long-term
biodegradation behavior of SPS Zn in simulated body fluid indicates controlled and gradual corrosion,
supporting its potential for biodegradable implant applications, while potentiodynamic polarization
analysis further confirms similar corrosion rates compared to cast Zn due to the formation of a stable
corrosion product film. In vitro studies with MC3T3-E1 preosteoblast cells show healthy proliferation in
culture media containing the degradation products of SPS Zn. Due to its unique microstructural,
mechanical, and corrosion properties, along with its biocompatibility, SPS-processed Zn is a promising
candidate for tissue engineering applications.

(Mg), zinc (Zn), and iron (Fe), Zn and their alloys stand out due
to their promising features like biodegradability, biocompat-

Recent studies have highlighted the growing demand for ibility, lower energy consumption during sintering, and favor-
biodegradable implants in tissue engineering applications.™ able mechanical properties.””” However, as-cast Zn often
Among various biodegradable materials such as magnesium exhibits a coarse microstructure, resulting in low mechanical
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il.com, prashanth. konda@taltech.ce materials such as titanium (Ti), stainless steel (SS), and cobalt-
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strength and pronounced anisotropy.® Clinical challenges like
stress shielding and the need for secondary surgery make
biodegradable materials a viable alternative to permanent
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Biodegradable or bioresorbable metals are a special class of
materials that gradually degrade or resorb, allowing new cells to
form functional tissues when placed at a diseased site." These
materials provide initial mechanical support to diseased organs or

¢ Department of Mechanical Engineering, Pr

'y University, Bangalore, India tissues and are gradually resorbed by biological fluids, facilitating

' Materials Technology, Dalarna University, SE-79188, Falun, Sweden bone tissue regeneration at critical-sized bone defect sites.'® This
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approach mitigates issues like long-term damage or the need for

secondary surgery associated with permanent metallic implants.
15-18

Among these, Mg has a Young’s modulus like natural bone but
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degrades rapidly in physiological environments, increasing
local alkalinity and forming hydrogen pockets affecting the
healing process.'*>* Fe, on the other hand, degrades too slowly
and remains in the body for extended periods.>” Zn’s corrosion
potential (—0.8 V) lies between that of Mg (~—2.4 V) and Fe
(—0.4 V), resulting in a degradation rate that aligns well with
tissue generation.”*?’

As an essential metallic element, Zn plays a crucial role in
bone metabolism, to stimulate the formation of osteoblasts
and inhibit osteoclast differentiation, thus enhancing bone
strength.*®*?° Consequently, biodegradable Zn alloys offer signi-
ficant advantages over biodegradable materials (polymers, Mg,
and Fe-based alloys) in orthopedic applications.***' For
instance, Bowen et al.**** investigated the in vivo biodegrada-
tion behavior by inserting pure Zn wire into the arteries of rats,
which degraded at an optimal rate (20 pum per year) for
biodegradable stents during the initial three months. Despite
Zn’s numerous suitable properties for biomedical applications,
its use is limited due to the coarse microstructure of as-cast
pure Zn offering poor mechanical strength and strong
anisotropy.>*?> Researchers have attempted to enhance Zn’s
properties through mechanical alloying or other similar proces-
sing techniques to reduce grain size and improve strength and
ductility. Forming techniques such as rolling, forging, equal
channel angular pressing (ECAP), high-pressure torsion (HPT),
and additive manufacturing (AM) have been employed to refine
Zn’s microstructure.**° For example, Wen et al.'® optimized
the selective laser melting (SLM) processing parameters to
produce high-density pure Zn with enhanced mechanical prop-
erties (hardness of 46 + 2 HV, Young’s modulus of 20 + 6 GPa,
yield strength of 122 + 3 MPa, ultimate strength of 138 £
3 MPa, and elongation of 8 & 1%). Similarly, Salehi et al.** used
a two-step 3D printing technique to create Mg-5.9Zn-0.13Zr
components, achieving functional parts with increased relative
density (69 £ 0.5%) and compressive yield strength (31 =+
3 MPa) through liquid phase sintering. Lu and Li et al*"**
employed a high-pressure phase transition method to enhance
the mechanical and corrosion behavior of Zn-1.5Mn and Zn-Li
alloys through solid solution strengthening. Lin et al.*’ fabri-
cated Mg,Zn,/Zn composites via accumulative roll bonding
(ARB), achieving enhanced mechanical properties, along with
an enhanced elongation of 12%, and improved corrosion
resistance after 15 cycles. Demirtas et al.** demonstrated that
multiple equal channel extrusions reduced the grain size
(2.0 mm) of Zn-0.3 wt% Al and the presence of Al-enriched
precipitates, ranging from 50 to 200 nm, significantly enhan-
cing the alloy’s superplasticity at room temperature. Yang
et al*' developed binary zinc-based materials with elements
like Ca, Mg, Li, Sr, Fe, Mn, Ag, and Fe improving cytocompat-
ibility, osteogenesis, and osseointegration. However, the selec-
tion and proportion of alloying elements must be carefully
considered to achieve good biocompatibility.

Given the challenges of developing defect-free, fine micro-
structured pure Zn for tissue engineering applications, this
research employs the spark plasma sintering (SPS) technique to
produce dense and fine micro-structured Zn without alloying or
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mechanical processing. SPS is an advanced sintering metho-
dology that applies uniaxial pressure and pulsed current to heat
the powder, facilitating rapid densification at lower sinter-
ing temperatures.*>*° The relatively fast cooling rate of SPS
(compared to conventional cast) results in a refined, non-
textured microstructure.®® Capek et al.”" developed porous Zn
for implantation into trabecular bone using SPS, achieving a
compressive yield strength (~31 MPa) like that of trabecular
bone (1-12 MPa). Based on earlier investigations, various
studies have improved the mechanical and biological proper-
ties of Zn and its alloys using SPS.>*** However, a comprehensive
study that examines the microstructural, textural, mechanical,
corrosion, and biological behavior of SPS-processed Zn has yet to
be reported. To address this research gap, the present investiga-
tion aims to thoroughly understand these properties in SPS-
processed pure Zn and compare them systematically with cast
Zn samples. This comparison will help assess the effectiveness
of the SPS process for the fabrication of Zn for biomedical
applications.

B. Materials and methods

Commercially pure gas atomized Zn powder with a particle size
ranging between 10 um and 25 pm was used in the present
study. A commercially pure Zn block (>99.9%) from Vedanta
Ltd. (Mumbai, India) was used in the present study as the cast
sample. To achieve microstructural homogenization, cast Zn
material was recrystallized at 300 °C for 4 h under ambient
conditions. Zn powders were compacted in the form of cylin-
ders of ~6-7 mm by SPS (HP D10 FCT system, GmbH,
Germany) using a graphite die of 20 mm inner diameter.
To prevent Zn from sticking with the die and to maintain
electrical conductivity during sintering, 0.5 mm thick graphite
paper was placed between the graphite punches and the Zn
powder. The sintering was performed in a vacuum at 300 °C
(temperature) under a uniaxial pressure of 50 MPa. The sinter-
ing process involves three distinct stages: initial pressing from
5 MPa to 50 MPa, followed by increasing the temperature from
50 °C to 300 °C at a rate of 50 °C min~" with a dwell time of
10 min; and finally, the cooling stage, where the temperature
decreases from 300 °C to 50 °C at the same rate of 50 °C min ™.
The structural characterization of the powder and the bulk
samples was carried out using a Rigaku Smart Lab X-Ray
diffractometer (fitted with Cu-Ko radiation (4 = 1.5406 A))
between the 20 range of 30° and 80° with a scan rate and step
size of 3° min~' and 0.01° respectively in Bragg-Brentano
mode. The bulk texture of the processed samples was analyzed
by using an X-ray goniometer with Schulz reflection geometry
(Rigaku Smartlab XRD) and a Cu-Ko source operated at 45 kV
and 30 mA on the XY surface.

The microstructural characterization of the samples includ-
ing optical microscopy (OM) and scanning electron microscopy
(SEM) fitted with electron backscattered diffraction (EBSD)
was carried out after the samples were subjected to standard
metallographic procedures. After mounting the sample, they

© 2025 The Author(s). Published by the Royal Society of Chemistry
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are subjected to grinding (sequentially varied up to 4000 um
grit paper) followed by electropolishing and etching. The
electropolishing of the samples was performed to obtain a
mirror-like surface finish operating under 20 V for 35 s in
an electrolyte consisting of orthophosphoric acid and ethanol
(3:5 ratio). The polished surface was etched for 10 s in 10%
nital to characterize the grain morphology using an OM (Leica
Microsystem) and SEM (Zeiss Gemini SEM 450) equipped with
an EDAX EBSD detector. The room temperature compressive
strength of the samples was tested by using an Instron 5567
screw-driven universal testing machine at a strain rate of
1072 s~ . The in vitro biodegradation behavior of the samples
was assessed by immersing them in simulated body fluid (SBF)
for 7, 14, and 21 days, respectively. The SBF solution was
prepared according to the method outlined elsewhere but
in.* Before immersion, all samples were polished using the
previously described procedure and subsequently ultrasoni-
cated for 30 min to eliminate any surface contaminants. The
samples were then incubated at 37 °C with a 5% CO, supply for
the specified durations. The mass change was recorded to
determine the degradation rate. The electrochemical corrosion
behavior of the as-cast and SPS Zn samples was studied using a
standard 3-electrode cell setup using a potentiostat (C.H.
Instruments, CHI604E, Texas, USA) with standard calomel
and platinum (Pt) as the reference and counter electrodes,
respectively. Zn samples with an exposure area of 1 cm” were
used as the working electrode, and simulated body fluid (SBF)
was employed as the electrolyte.”>® All the samples were
mechanically ground up to #4000 grit followed by cloth polish-
ing to obtain scratch-free surfaces of an average roughness of
0.08 pm. The open circuit potential (OCP) for the Zn samples
was continuously monitored for 1 h. To understand the corro-
sion behavior, the samples were covered by the SBF solution for
1 h and 24 h, respectively. After 1 h and 24 h, the electro-
chemical impedance spectroscopy (EIS) information was
recorded. The EIS measurement was performed in the fre-
quency range of 10 kHz to 0.01 Hz by applying 10 mV perturba-
tion to OCP values. Similarly, the potentiodynamic polarization
(PDP) tests were carried out for 1 h under the potential range of
—0.3 Vs. SCE to 0.3 Vvs. SCE offset to the rest potential with a
scan rate of 1 mV s '. All these studies were repeated three
times to ensure repeatability. After PDP and EIS, all the samples
were cleaned according to ISO 8407:2009,>* and the surface
morphology of the corroded surface was observed via SEM
(Model - Zeiss Gemini SEM 450). The corrosion rate (CR) was
calculated according to eqn (1).
Teorr - 1000
CR = —Fq (1)

where I, represents the current density, n denotes the number
of electrons (2 in the present case), F signifies the Faraday’s
constant (96500 C mol "), and A stands for the atomic weight
of the metal (65.38 g mol ™).

The in vitro cytocompatibility of the SPS Zn samples was stu-
died by indirect method by using MC3T3-E1 cells (the MC3T3-E1
preosteoblast cells were obtained from an established commercial
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supplier, meeting all necessary regulatory and quality standards),
and the results were compared with the as-cast Zn samples.
Initially disc shaped Zn samples (20 mm diameter and 2 mm
thickness) were polished uniformly followed by sterilizing in
ethanol and exposed to UV for 1 h. To remove residual ethanol,
the samples were further washed thrice using a mixture of
phosphate buffer saline solution and 1% antibiotic. Since Zn
degrades in the solution media, the effect of leaching out from the
material on the cellular response was observed by using condi-
tioned media. Conditioned media was prepared by incubating the
sterilized samples in a complete culture medium, ie., the mixture
of «-MEM (minimum essential medium), 10% fetal bovine serum
(FBS, Gibco, Life technologies) and 1% antibiotic (Sigma Aldrich)
for 24 h and 72 h at 37 °C in the presence of 5% CO,. A constant
amount of 15 uL. mm ™2 of complete media was used to prepare
the conditioned media. After the mentioned incubation period,
the samples were removed. The conditioned medium was
centrifuged (5000 rpm for 20 min) to remove the presence of
any debris.

MC3T3-E1 cells were cultured in complete media using a
48-well plate with 3 x 10° cells per well and allowed to attach
for 24 h at 37 °C with 5% CO,. After 24 h of incubation, the
media was replaced with a conditioned medium and further
incubated for 24 h and 72 h separately. The condition media of
the as-cast and SPS Zn were used at two different dilutions:
1x (ie., 100% conditioned medium) and 8x (ie., 12.5%
concentration of the condition medium and the remaining
complete medium). For the positive control, cells were cultured
in fresh media and incubated for the same period as that for
the conditioned media sample. After the incubation period
(1 day and 3 days), the conditioned medium was aspirated,
and the cells were rinsed with PBS. Subsequently they were
incubated in complete media containing WST-1 (Invitrogen)
solution with 1:10 dilution for 3 h to measure the cell viability.
The optical density of the resultant medium was analyzed using
a plate reader (Biotek Gen 5, Santa Clara, CA, USA) at 440 nm.
The cell viability was reported in the form of relative growth
rate (RGR), which can be calculated using eqn (2)

ODsam le)
GR = | —"=) x 100 2
(ODconlrol ( )

where ODggmple and ODconerol are the optical density of the
sample, and the control determined with a plate reader. The
obtained data from the WST (water-soluble Tetrazolium) assay
were subjected to statistical analyses (using standard analytical
technique of variance (ANOVA) with Tukey’s test). The differ-
ences were considered significant at p < 0.05. All the data
presented are from the results of at least four samples.

The viability of the cells was studied with live/dead assay by
staining with Calcein AM (Thermo Fischer Scientific, India) and
Ethidium Homodimer dye (Thermo Fischer Scientific, India).
This is followed by imaging of the samples using an inverted
epi-fluorescence microscope (Olympus IX-53, Tokyo, Japan).
The cell morphology was visualized by fixing the cells with
3.7% formaldehyde in PBS solution at room temperature for
30 min, followed by PBS washing. The cell membrane was
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permineralized by incubating in a 0.2% Triton X-100 solution
(Sigma, Germany) for 8 min at room temperature, followed by
PBS washing. The washed cells were incubated with 25 pg mL™*
Alexa Fluor 488 (Invitrogen) for 30 min at room temperature for
actin staining. The cell nuclei were stained by incubating in
0.2 pg mL~" DAPI (Invitrogen) for 3 min at room temperature.
The stained cells were examined using an inverted epi-
fluorescence microscope.

C. Results and discussion

C.1 Powder characterization

Fig. 1(a) and (b) depict the SEM images of the Zn powder at
different magnifications, showcasing the nearly spherically
shaped powder particles with faceted surfaces surrounded by
numerous satellites (small particles surrounding the larger
ones). The formation of satellites is attributed to the collision
between solidifying droplets caused by turbulent flow inside
the atomization chamber.””*® The particle size distribution
plot (shown in Fig. 1(c)) reveals an average powder particle size
in the range of 11 &+ 6 um. The X-ray diffraction (XRD) pattern
of Zn powder shows the presence of peaks corresponding to the
hep (hexagonally closed-packed structure) phase (Fig. 1(d)).

C.2 Sintering and densification

The density of the SPS Zn sample was calculated to be ~7.1 g cc™?,

with a relative density of ~99.4%. This indicates that the Zn
powder was almost fully densified during the sintering process.
According to Abedi et al,>® in metallic samples, a homogeneous
temperature distribution is achieved in all directions, resulting in
higher consolidation rates compared to ceramic samples.®*®* Fig. 2
shows the sintering cycle plot (in terms of piston displacement vs.
time and temperature vs. time). Sintering takes place in distinct
stages until final densification of the powders and the sintering
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Fig. 1 Scanning electron microscopy images showing the morphology of
the Zn powder at (a) lower and (b) higher magnifications. (c) Particle size
distribution plot showing the average density of the Zn powders, and
(d) X-ray diffraction pattern of the Zn powder showing the presence of the
hexagonally closed packed structure.
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Fig. 2 Plot showing the spark plasma sintering cycles observed due to
piston displacement and temperature as a function of time for the Zn
samples.

stages are briefly outlined as follows: during stage I, a gradual
pressure of 50 MPa was applied to the powder without any
increment in temperature. The application of pressure allows
the powder particles to rearrange and move closer to each
other, leading to a reduction in pore size.

Considerable piston displacement with an average rate of
0.35 mm min~' was observed. In the next stage II, the tem-
perature increased quickly, resulting in the generation of
plasma between the powder particles. The particle surface
was cleaned, and thermally activated densification takes
place.®® A piston displacement of 0.1 mm min~" was observed
during this stage. The temperature changes from 50 °C to
300 °C at the rate of 50 °C min~* with a dwell time of 10 min,
which leads to grain boundary diffusion, necking, and pore
closure. In the last stage III, the cooling stage, the temperature
decreases from 300 °C to 50 °C at a rate of 50 °C min~'. The
piston displacement reduces to 0.01 mm min~*, and this piston
motion is attributed to the thermal shrinkage of the sample
and this shrinkage doesn’t play any role in densification.®*

C.3 Structural characterization

Fig. 3 illustrates the XRD pattern of pure Zn powder and bulk
samples. The XRD patterns show the presence of a single-
phased microstructure with the peaks corresponding to the
hcp phase. No additional peaks corresponding to other phases
are observed within the deductible limits suggesting that no
oxides are formed during sintering. The peak intensity for the
powder is observed at (1011). On the other hand, the peak
intensity is observed at (0002) for the bulk samples. The change
in the peak’s intensity can be attributed to the preferred
orientation, where the crystallites (in a polycrystalline material)
align in a specific crystallographic plane during the fabrication
process, such as casting, sintering, etc.®>”*® During SPS, Zn
powder is subjected to high temperature and pressure, and the
individual particles start bonding and densifying. During this
process, the crystallites may reorient themselves in a specific
fashion. Several factors including sintering conditions, particle

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 The X-ray diffraction patterns for the as-received zinc powder and
the bulk Zn samples fabricated by both casting and SPS processes.

morphology, mechanical deformation, cooling rate, etc., can
affect the preferred orientation during processing. Similarly,
during casting, when molten material solidifies into a poly-
crystalline structure, the cooling rate and solidification condi-
tions can influence the alignment of crystallographic planes
within the newly formed grains. In materials with a hcp
structure, the grains preferred orientation is based on their
c¢/a ratio, and Zn has a c/a ratio greater than 1.633. Therefore,
the basal plane [0002] is parallel to the surface.®’

C.4 Bulk texture studies

The X-ray texture goniometer was utilized to measure the bulk
texture of both the as-cast and SPS samples. The Schulz reflec-
tion method was used to measure the total six pole figures. The
basal (0002), prismatic (1010), and (1120) pole figures are
shown in Fig. 4. The (0002) pole figure shows the highest
misorientation random distribution (MRD) value of ~17 for
the cast sample, but it reduces to ~3 for the SPS Zn sample.
In the as-cast condition, the (0002) pole figure shows slightly
off-basal orientation with other texture components, whereas in
the SPS sample, cantered basal orientation with lower intensity
is observed. During SPS, the rapid heating and cooling cycle,
along with the application of pressure, leads to recrystalliza-
tion, grain growth, and plastic deformation. These processes
tend to disrupt any initial texture present in the starting
powder. The uniform orientation achieved during SPS can
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Fig. 4 Pole figures measured by X-ray texture goniometer for the as-cast
and spark plasma sintered Zn samples along the following planes: planes
(0002), (1010), and (1120).
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contribute to a more isotropic microstructure and mechanical
properties. The interdependence theory suggests that fine and
equiaxed grains obtained due to grain refinement during
sintering show a weak texture.*>”°

C.5 Microstructural characterization

The surface morphology of the as-cast and SPS samples was
characterized through optical and scanning electron micro-
scopy, and the corresponding images are presented in Fig. 5.
A non-uniform microstructure, along with a significant number
of twins (yellow arrows), is observed in the as-cast samples
(Fig. 5(a) and (b)). Furthermore, some fine grains are observed
within the coarse grains (red arrows) in Fig. 5(b), which may be
due to recrystallization. Fig. 5(c) and (d) illustrate the micro-
structure of the SPS Zn samples. The samples were sintered
adequately, as there were no visible sintering defects (like
cracks and pores at the considered magnification), and thus,
the density of the SPS Zn samples should be closer to the
theoretical density (p = 7.1 g cc™'). Enhanced densification
during the SPS process is attributed to the plastic deformation
of powder particles and the application of both temperature
and pressure during the sintering process. According to Chaim
et al.,”" as the applied stress reaches the yield strength, the
densification takes place by plastic deformation. Powder parti-
cle size significantly influences densification, with larger par-
ticles undergoing plastic deformation under external pressure
while smaller particles melt and evaporate locally during the
process.”” The microstructure appears to be a regular arrange-
ment of large grains (circular shape) of uniform size.”® The
larger grain may contain some finer grains along with their
boundaries considered to be sub-grain boundaries.

The detailed sintering mechanism and the effect of the
process parameter on the microstructure can be explained as
follows: the applied heating rate of 50 °C min~" during the
second stage of sintering (from 50 °C to 300 °C) induces a non-
equilibrium condition, promoting the formation of fine recrystal-
lized grains while minimizing the grain growth. Localized Joule

Fig. 5 (a) and (c) Optical and (b) and (d) scanning electron microscopy
images of the zinc samples fabricated by (a) and (b) casting and (c) and (d)
spark plasma sintering processes.
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heating at particle contact points enhances densification by
increasing the driving force for diffusion, thereby restricting
excessive grain coarsening.”*””” Moreover, the pulsed DC current
in SPS induces localized heating at grain boundaries promoting
sintering through grain boundary diffusion, while the short pulse
duration effectively limits grain coarsening. This controlled diffu-
sion mechanism leads to the formation of a finer and more
uniform grain structure, further enhancing the material’s
mechanical properties.”® The application of 50 MPa uniaxial
pressure throughout the sintering process facilitates plastic defor-
mation, leading to a significant increase in dislocation density at
grain boundaries. This, in turn, activates dynamic recrystallization
(DRX), where newly nucleated grains replace deformed ones,
resulting in a refined microstructure. Additionally, DRX disrupts
the initial texture, contributing to a more isotropic grain
orientation.”” These mechanisms collectively contribute to the
superior microstructural characteristics of SPS-processed Zn, dis-
tinguishing it from conventionally cast counterparts.

For a better understanding of the crystal orientation and
grain boundary characteristics, electron backscatter diffraction
(EBSD) analysis was carried out on the Zn samples (Fig. 6). The
orientation map developed on the sample surface represents
the crystal direction normal to the surface and is referred to as
the inverse pole figure (IPF). Most of the grains in the SPS
samples are red-colored, suggesting that these grains have their
c-axes positioned close to the specimen’s normal direction,
thus indicating that their basal planes {0001} are nearly parallel
to the surface. Fig. 6(b) and (e) show the grain boundaries
superimposed image quality (IQ) map for the bulk Zn samples.
The blue lines in the IQ maps indicate high-angle grain
boundaries (HAGBs) with angles exceeding 15°, while red and
green lines denote low-angle grain boundaries (LAGBs) char-
acterized by angles below 15°. The as-cast sample displays
around 33% LAGBs, while the SPS sample shows ~ 15% LAGBs.
Notably, in the SPS sample, LAGBs primarily appear in sub-
grains within coarse grains, while fine grains tend to be
relatively free of LAGBs. The SPS samples have smaller grains

0
Grain diameter (jum)

“[®

: Crain diameter (um)
1010

0001 2710

Fig. 6 Electron backscattered diffraction results showing the inverse pole
figure (IPF) maps, image quality (IQ) maps, and the grain size distribution
plot of the (a)-(c) as-cast and (d)-(f) spark plasma sintered samples,
respectively.

Mater. Adv.

View Article Online

Materials Advances

(~19 pm) compared to the as-cast sample (~150 um) with
more HAGBs. Areas with fine-grain regions show more HAGBs,
possibly due to the strained concentration. The transition from
LAGBs to HAGBs is believed to occur mainly during dynamic
recrystallization, which is triggered by the combination of
applied pressure and temperature observed during the SPS
process. Hence, a bimodal grain structure characterized by
the coexistence of both coarse and fine grains is observed. On
the other hand, the as-cast samples exhibit a predominantly
coarser grain with pronounced twin formation. These differ-
ences in the microstructural characteristics between the as-cast
and SPS samples highlight the distinct variations in the proces-
sing methods and thermal conditions/variations observed dur-
ing the respective manufacturing processes. While the SPS
process facilitates dynamic recrystallization and grain refine-
ment, the as-cast samples retain a coarse grain structure with
evident twin boundaries.

C.6 Mechanical testing

Fig. 7 depicts the compressive stress-strain and strain-hard-
ening plots of the as-cast and SPS samples. The yield strength
(0.2% PS, YS) observed for the SPS sample was significantly
higher (115 + 4 MPa) than that of the cast sample (60 + 16 MPa).
However, the ultimate compressive strength (UCS) observed for
the as-cast sample was found to be in the range of 274 £ 37 MPa,
which is higher than that of the SPS samples (191 + 6 MPa). The
increase in the YS of the SPS sample is due to the formation of
micron and sub-micron grain during the SPS process. The
strengthening mechanism during SPS can also be explained with
the help of Hall-Petch equation according to which fine and
uniform grains offer higher strength as compared to coarse-
grained as-cast samples as explained below:

Oyield = 0o + kd71/2 (3)
Gyieta oc d (4)

where oy;e1q is the yield strength of the material, g, is the lattice
friction stress, k is the Hall-Petch coefficient, and d is the
average grain size of the material. The grain size plays a crucial
role in determining the yield strength of materials. Specifically, a
finer grain size (~19 pm) enhances yield strength (~115 MPa),
whereas a coarser grain structure, such as in cast Zn (~150 pm),
results in lower yield strength. This occurs because materials with
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Fig. 7 (a) True compressive stress and strain and (b) strain hardening rate
vs. strain plots for the bulk Zn samples fabricated by casting and spark
plasma sintering.
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smaller grains have a higher density of grain boundaries, which
impedes dislocation movement and increases the energy required
for dislocations to move into adjacent grains. As a result, the yield
strength of SPS samples is higher than that of the cast samples.
However, the trend is reversed for ultimate compressive strength;
SPS samples exhibit lower strength (~191 MPa), whereas
cast samples demonstrate higher strength (~274 MPa). This is
because grain boundaries, while restricting dislocation motion,
also serve as weak points where cracks initiate, leading to brittle
fracture before significant plastic deformation can occur. In
hexagonal close-packed (HCP) materials, deformation occurs
through a combination of dislocation slip and twinning. In as-
cast Zn samples, the presence of larger grains and strong basal
texture (as discussed in Section 3.4) facilitates twinning as a
dominant deformation mechanism. Twinning allows additional
strain accommodation at higher stress levels, leading to an
increase in ultimate compressive strength (UCS).** During SPS,
recrystallization restricts the twin formation due to the large
obstructive effect of grain boundary on the twinning shear.®!
As a result, deformation is primarily accommodated by disloca-
tion slip, which enhances yield strength but limits strain-
hardening mechanisms, leading to a lower UCS compared to that
for the cast Zn.

Under the SPS condition, the deformed sample showed
uniform bulging, whereas in the as-cast condition, irregular
deformation is observed (Fig. 7(a) inset). Bulging generally
refers to increased absorption of energy due to uniform defor-
mation of load with less twin activity. Fig. 7(b) shows the strain
hardening rate (0) vs. true strain behavior under compression.
In the SPS sample, the strain hardening rate decreases rapidly
with increasing strain, whereas in the as-cast condition, it
reaches the plateau. The extended strain hardening behavior
in the as-cast sample might be due to the presence of the
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coarse-grained microstructure and the formation of twins.
Table 1 summarizes the mechanical properties of SPS Zn, along
with a comparison to previously reported studies on pure Zn
and its alloys fabricated using various manufacturing methods.

C.7 Immersion study and electrochemical behavior

C.7.1 Immersion study. The immersion behaviors of the
as-cast and SPS samples were analyzed according to ASTM G31-
72 standards, where polished Zn samples were immersed in
simulated body fluid (SBF) under simulated physiological con-
ditions for 7, 14, and 21 days. During the initial 7 days of
immersion, a thin, uniform whitish layer formed on the SPS Zn
surface. As the immersion time increased, this layer gradually
thickened, and degradation products began to accumulate
unevenly, as shown in Fig. 8. After 7 days, the degradation rate
of the SPS Zn sample was 0.1325 mm per year, which is
consistent with previously reported values.®” At extended
immersion periods of 14 and 21 days, the degradation rates
further decreased to 0.0965 mm per year and 0.075 mm per
year, respectively. This gradual reduction in degradation rate is
attributed to the formation of a thicker protective layer, which
acts as a barrier, limiting ion exchange between the sample
surface and the surrounding medium. However, in the initial
stages, the weaker and unstable oxide layer undergoes contin-
uous breakdown, leading to surface void formation and pro-
gressive degradation.

The degradation mechanism of Zn in SBF can be explained
as: during the initial stages of electrochemical corrosion, upon
exposure to simulated body fluid (SBF), Zn begins to dissolve,
initiating oxygen reduction at the cathode according to the
following anodic and cathodic reactions (5) and (6):

Zn — Zn*" + 2e”

)

Table1l A comparison of the mechanical properties of pure zinc and zinc-based alloys/composites fabricated using different fabrication techniques. MR
represents the manufacturing route employed, GM — grain morphology, p — density, H — hardness, YS - yield strength in compressive mode unless
mentioned as tensile mode, US — ultimate strength in compressive mode unless mentioned as tensile mode, £ — elastic modulus (GPa), and Ref. —

reference article

. GM

Material

designation MR Size (um) Shape p/porosity H YS (MPa) US (MPa) E (GPa) Ref.

Pure Zn WAAM 14 +5 Equiaxed — 35 4+ 2 HVy3 — — — 89
Wrought 11+ 4 — — 41 + 1 HVy 3 — — —

Ti-5Zn Hot Pressing — — — 158 £ 18 HV 651 + 3 — 17+2 90

Ti-10Zn — — — — 934 + 32 — 20 £2

Ti-20Zn — — — 390 + 43 HV 1136 + 10 — 27 £2

Ti-30Zn — — — 270 &+ 35 HV — — 4+1

Zn-16HAp (Wt%) SPS — — 18% 24 + 5 HV; 46 + 3 (Tensile) 65 + 4 (Tensile) — 53

CP Zn — — 20 +2% 29 HV,, 43 +2 — — 51

FP Zn — — 21 £ 2% 17 HVy 3 31£5 — — 91

Zn — — — 43 £ 2 53 £ 17 171 £ 13 —

Zn-5Ge Cast — — — 38 + 0.6 HVy; 29 + 3 (Tensile) 34 + 6 (Tensile) — 92
Hot rolled — — — 39+ 1 HV,y, 84 +3 153 +£3 —

Pure Zn Cast 150 Coarse 7geet — 60 + 16 274 £ 37 — Present
SPS 19 Fine/equiaxed 7.1gcc™' — 115 £ 4 191 £6 — work

Human cortical — - - 5-10% - 80-120 - 3-30 93

bone

WAAM - wire arc additive manufacturing; Hap - hydroxyapatite; SPS - spark plasma sintering; CP - coarse powder (600-850 pm); FP - fine powder

(40-100 pum).
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Fig. 8 Scanning electron microscopy images of the spark plasma sintered
Zn samples after 7 days and 21 days of immersion in simulated body fluid
(SBF). The insets show macroscopic views and high-magnification images.
After 7 days of immersion, a thin corrosion layer forms with localized
deposits, while after 21 days, a thicker, more uniform degradation layer
develops, indicating surface stabilization.

0, + 2H,0 + 4e” — 40H™ (6)

The by-product OH™ of the cathodic reaction increases the
pH value, according to the Pourbaix diagram;®* as the pH of the
electrolyte increases, zinc ion (Zn") reacts with the hydroxide
(OH"7) ion by dehydration reaction to form Zn(OH),, which
further transforms into a thermodynamically stable zinc oxide
(ZnO) layer according to reaction (7) and (8):

Zn*' + 20H™ — Zn(OH), (7)
Zn(OH), — ZnO + H,0 8

However, the zinc oxide layer tends to dissolve back into
Zn®" due to the leaching action of aggressive Cl— competing
with the surface hydroxyl groups in Zn(OH), according to
reaction (9), resulting in the formation of ZnCl,:

Zn(OH), + 2C1~ — Zn*" + 20H + 2C1~ 9

After 24 h of incubation, a thick corrosion product forms on
the sample’s surface. The change in surface morphology prob-
ably influenced both mass transport and the ionic diffusion.
Thus, the corrosion mode varies, and the degradation of pure
Zn accelerates progressively with the co-existence of calcium
(Ca®") and phosphate (PO,*") ions, leading to the formation of
calcium phosphate precipitates according to reactions (10)-
(12).3* A schematic representation of the corrosion mechanism
of pure Zn immersed in a simulated body fluid solution is
shown in Fig. 9.

5Zn(OH), + 2HCO;  + 2H' — Zn;(CO5),(OH), + 4H,0
(10)

(11)

3Ca®" + 2P0,>" — Cay(POy),
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Fig. 9 Schematics illustrating the corrosion mechanism in pure Zn
immersed in simulated body fluid for long term degradation studies.

Ca®" + HPO,*~ + 2H,0 — CaHPO,-2H,0 (12)
C.7.2  Open circuit potential studies. The bulk Zn samples
fabricated by casting and SPS were immersed for 1 h in
simulated body fluid (SBF) to examine the potential variation
in terms of OCP. From Fig. 10, it is evident that there is a
decrease in potential (Eqcp) upon initial immersion in the
solution and the potential stabilizes between 1400 to 1800 s
for both the sample conditions. The SPS Zn sample demon-
strated a final OCP value of —1.03 V, which is slightly more
active than the as-cast Zn sample (—1.02 V). The active behavior
of both samples could be attributed to the deposition of
corrosion products in the SBF media and the dissolution of
the corrosion film developed on the sample surface.’® The
variation in the OCP stabilization between the as-cast and
SPS Zn samples is mainly due to the microstructural variations
among the samples as already discussed in Section 3.5. The
refined grain structure of the SPS Zn, with increased grain
boundary area, accelerates the initial surface reactions, leading
to rapid passivation and earlier stabilization of the OCP.%**”
Additionally, the disruption of the initial texture, potentially
enhances the uniformity and stability of the passive film.*®
This, in turn, promotes a more stable electrochemical
response compared to as-cast Zn. The formation and stability
of surface corrosion products further influence the OCP
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-1.00
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>
-’
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=
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=
3
N
&
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Fig. 10 Open-circuit potential (OCP) behavior of Zn as-cast and SPS
samples for an exposure period of 1 h in SBF.
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Table 2 Table furnishing the polarization data for the as-cast and SPS zinc samples immersed in simulated body fluid environments

Sample condition Ecorr (V) vs. SCE Ieorr (HA cm™?) I, (WA cm™?) Epp (V) vs. SCE Epp, (V) vs. SCE CR (mm per year) x 10™*
As-cast —1.21 + 0.02 8.61 £ 0.11 62.0 + 3.1 —1.16 + 0.03 —1.06 + 0.17 0.60 £+ 0.08
SPS —1.20 + 0.04 12.16 £ 0.90 529 £1.2 —1.15 + 0.03 —1.03 + 0.23 0.88 &+ 0.05

behavior, as the SPS Zn surface tends to form a more homo-
genous and protective oxide layer at an early stage of immer-
sion (Table 2).

C.7.3 Potentiodynamic polarization studies. Fig. 11 illus-
trates the potentiodynamic polarization (PDP) curves for the Zn
samples (fabricated by casting and SPS). The corrosion para-
meters such as corrosion current (I.o), and corrosion potential
(Ecorr) were analyzed via the Tafel extrapolation method,”*®
and the values are tabulated in Table 2. The E.,,, values of both
the as-cast and SPS Zn samples are similar, but the values
become significantly active when compared to the OCP values
since the Tafel measurements were conducted after the OCP
measurements. During the OCP measurements, no external
current was supplied, and the equilibrium values were
recorded. However, during the Tafel measurements, the sam-
ples were already exposed to the SBF environment. In this
environment, Zn reacted with Cl, leading to degradation and
resulting in a lower potential.

The anodic branch of the Zn samples shows an active-to-
passive transition in SBF. Initially, these samples undergo
typical active anodic dissolution, followed by passivation at
higher potentials. Due to the formation of a passive film, the
current density remains constant during the passive region (as
seen in Fig. 11). However, after breakdown potential (Ep,), the
current increases significantly, indicating transpassive corro-
sion. From the Tafel curve, the corresponding values of I.or,
Ecorr, Ip (passivation current density), E,, (passivation
potential), E,, (breakdown potential), and corrosion rate (CR)
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Fig. 11 Potentiodynamic polarization curves obtained after immersion in
simulated body fluid for 1 h.
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are calculated and are tabulated in Table 2. The Tafel extra-
polation data show that both the as-cast and SPS zinc samples
exhibit a similar trend in the cathodic region, with Eo
observed to be —1.21 and —1.20 V and I, measured at 8.61
and 12.16 pA ecm ™2, respectively. Upon increasing the potential,
a stable oxide layer forms, indicating the passive regime. The
passivation potential (E,,) was recorded as —1.16 and —1.15 V
for the as-cast and SPS samples, respectively. The passivation
current density (I,) was recorded as 62.0 and 52.9 pA em™ for
as-cast and SPS samples, respectively. The stable passivation
current in this regime suggests the formation of a passivation
layer with a lower I, indicating better corrosion resistance.
Furthermore, the current starts to increase in both samples at
the breakdown of the passive layer. The breakdown potentials
(Epp) for the as-cast and SPS samples are observed to be —1.06
and —1.03 V, respectively.

Such differences in potential likely arise from the grain size
differences (a smaller grain size of 19 pum is observed for the
SPS Zn sample leading to a higher density of grain boundaries
per unit volume, contrasting with the larger grain size of 150
pm observed in the as-cast condition). The grain boundaries,
due to their elevated energy state and altered chemical compo-
sition, are inherently more susceptible to corrosion than the
bulk material. Furthermore, the presence of fine grains facil-
itates higher hydrophilicity,”” increased diffusion, and deeper
penetration into the material, potentially leading to localized
pitting, as evident from SEM micrographs (Fig. 12). Additionally,

o

1h

Zn-As-cast

24h

Zn-SPS
1h

24h

500 pm

250 pm 50 pm

Fig. 12 Scanning electron microscopy images showing the microstruc-
ture of the zinc samples after potentiodynamic polarization immersion in
simulated body fluid.
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Table 3 The polarization data for the as-cast and SPS zinc samples immersed in simulated body fluid as a function of time, compared with other

published reports

Degradation parameter

Corrosion rate Immersion Leorr
Material Manufacturing route  Electrolyte (mm per year) time (days)  (uA cm?) Ecorr (V) vs. SCE Ref.
Pure Zn Extrusion SBF 0.048 56 3.241 —1.033 85
SBF + Gln 0.023 4.135 —1.055
SBF + Glucose 0.014 5.675 —1.099
SBF (Tris-HCI) 0.033 4.119 —-1.024
SBF (Tris-HCI) + GIn 0.034 2.951 ~1.004
SBF (Tris-HCl) + Glucose ~ 0.027 4.815 -0.999
Pure Zn Wrought SBF 0.30 £ 0.10 — 6f1 -1.13 £ 0.16 98
Pure Zn WAAM 0.45 £ 0.20 — 9+1 —1.18 + 0.03
Zn-1Mg Cast — — 1.2 —0.98 99
Zn-1.5Mg — — 8.8 —0.93
Zn-3Mg — — 7.4 —0.93
Mg-0.5Zn Cast SBF — — 131 £6 —1.87 £ 0.01 100
Mg-1Zn — — 124 £+ 10 —1.83 £+ 0.01
Mg-2Zn — — 115 £ 10 —1.81 £ 0.02
Mg-3Zn — — 102 £ 8 —1.71 + 0.04
Ti-5Zn Hot press sintering SBF — — 0.692 —0.187 101
Ti-10Zn — — 0.975 —0.202
Ti-20Zn — — 0.741 —0.178
Ti-30Zn — — 3.631 —0.245
CP Zn SPS SBF 0.61 £ 0.11 14 — — 102
FP Zn 0.75 £ 0.12 — —
Zn16HAp SPS SBF 0.41 14 — — 103
Zn-0HAp SPS Hank solution 0.073 £ 0.042 1.5h 4.90 +2.810  —0.942 £ 0.07 104
Zn-1HAp 0.327 £ 0.050 21.07 &+ 3.25 —1.281 £ 0.03
Zn-5HAp 0.630 £ 0.011 39.12 £ 0.66 —1.274 £ 0.01
Zn-10HAp 0.856 £+ 0.031 51.04 £ 1.80 —1.290 £+ 0.01
Pure Zn As-cast SBF 0.0179 £ 0.002 1h 9.43 £ 0.11 -1.21 Present
0.0017 + 0.002 24 h 8.73 + 0.42 —-1.09 work
SPS 0.0025 £ 0.001 1h 12.93 £ 0.9 —-1.2
0.0016 £ 0.002 24 h 8.43 £ 0.27 —-1.07

WAAM - wire arc additive manufacturing; SBF - simulated body fluid; GIn - glutamine.

it is worth noting that the texture of the samples also plays a
significant role in influencing their corrosion behavior.*® As
discussed above, Fig. 11 indicates the stable passivation layer
between —1.15 V to —1.05 V in both the as-cast and SPS Zn
samples; beyond that, both the samples indicate the dissolution
of the passive layer and the inner material is directly exposed to
the corrosive environment increasing the corrosion rate. As
indicated above, with a decrease in grain size, an increase in
corrosion rate was observed for the SPS sample. This disparity
suggests a lower corrosion rate (CR) attributed to the formation of
a stable oxide layer, as depicted in Table 2, and the corrosion
results of the present work with previously reported work are
compared in Table 3.

Fig. 12 shows the SEM images and Fig. 13 shows the EDS
images of the corroded Zn samples after 1 h and 24 h immer-
sion time in SBF. The samples, after 1 h of polarization, show
the localized form of corrosion with different pit sizes. The as-
cast sample shows many pits of the uniform cross-section in a
concentrated region/area; however, in the case of the SPS
sample the corroded region spreads uniformly with the for-
mation of deep grooves inside the pits (see the higher magni-
fication image in Fig. 12) due to the larger density of grain
boundaries. The SEM images reveal that the dissolution is more
pronounced at grain boundaries, likely due to their higher

Mater. Adv.
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200 pm

Fig. 13 Energy dispersive spectroscopy images showing the microstruc-
ture of the zinc samples after potentiodynamic polarization immersion in
simulated body fluid.

activity at these boundaries. The regions adjacent to grain
boundaries form micro-level galvanic couples, facilitating

© 2025 The Author(s). Published by the Royal Society of Chemistry



Open Access Article. Published on 14 April 2025. Downloaded on 4/29/2025 7:54:09 AM.

This article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(e)

Materials Advances

View Article Online

Paper

600
® SPS-1h ——SPS - 1 h (Fitting) * As-cast-24h —— As-cast - 24 h (Fitting) (C)
* As-cast-1h As-cast - 1 h (Fitting) & SPS-24h  ——SPS-24 h (Fitting)
450 4504
0000“ _ Qll
A Q £ Ry |
E S
300 & 300 —N_ R I Q D) —
g ) f | Al
150 150 4 Rct
(a) (b) W .
0 U T 0 T T T
0 400 800 1200 1600 2000 0 500 1000 1500 2000

Z' (ohm)

Z' (ohm)

Fig. 14 Plots showing the electrochemical impedance spectroscopy (EIS) result of both the as-cast and SPS zinc samples: Nyquist plots of impedance
spectra obtained after (a) 1 h and (b) 24 h of study in SBFs along with (c) the equivalent electrical circuit used to fit the EIS data using Zsimp software.

increased electron transfer and making them more susceptible
to activation and localized corrosion.

Both the as-cast and SPS samples display similar electroche-
mical corrosion behavior but differ in corrosion morphology,
likely due to the differences in their microstructural feature
(mainly grain morphology), where finer grains are observed in
the SPS samples compared to their as-cast counterparts.

C.7.4 Electrochemical impedance spectroscopy. Fig. 14
shows the electrochemical impedance spectroscopy (EIS)
results of Zn samples immersed in SBF for 1 h and 24 h. From
Fig. 14(a) and (b), all the Nyquist plots exhibited multiple arcs.
Furthermore, the impedance response of the Zn samples after
1 h of immersion (Fig. 14(a)) exhibits a semi-circular loop in the
high-frequency region followed by a circular arc in the low-
frequency region and a straight line with a slope close to 1.
Relatively, the impedance of samples after 24 h of immersion
(Fig. 14(b)) shows a similar pattern with a varied degree of
reaction resistance between the electrolyte and electrode inter-
face. To analyze and fit the electrochemical data, an equivalent
electrical circuit model consisting of [Ry(Q1(Re(Q2[RcW])))] is
considered (Fig. 14(c)), where Ry represents the solution resis-
tance, Ry and Q; denote the resistance due to the formation of
the corrosion product film and the constant phase element for
non-ideal capacitance induced by the corrosion product film
respectively, R is the resistance charge transfer, W represents
the Warburg impedance, and Q, denotes the constant phase
element for non-ideal capacitance induced by the double
electrode layer. The values of Q and W can be calculated by
using eqn (13) and (14):

Q=Y ‘()" (13)
W =Y, '(jo) °° (14)

where Y, is a constant with units of Q ' " for Q and Q " S°* for
W, Q is used to obtain a better fit of experimental data, and

based on the value of n (—1, 0, and 1), it can be treated as the
capacitance, resistance, and inductance respectively, o is the
angular frequency, and the j is the imaginary number equal to
J-1

According to Huang et a
the sample surface changes the surface condition of the elec-
trode and acts as a time constant. Due to the formation of

1,'*° the corrosion product covering

corrosion product (film) on the sample surface, resistance is
induced, which effectively impedes the diffusion of ions during
the electrochemical process, leading to the development of
Warburg impedance.’® A similar circuit was also used by
Huang et al.'® to study the early electrochemical characteris-
tics of pure Zn in SBF. The fitted parameters obtained are
shown in Table 4, where the solution resistance (R) value of the
electrolyte is observed to be the same for all the samples.
However, the Ry and R, values are very high (1008 Q cm? and
790 Q cm?, respectively, for the as-cast samples and 1180 Q cm*
and 889 Q cm?, respectively, for the SPS samples) during the
first hour of the experiment, but these values decrease signifi-
cantly after 24 h. Subsequently, the R and R, values reach 600
Q cm? and 653 Q cm?, respectively, for the as-cast and 658 Q
em? and 257 Q em?, respectively, for the SPS Zn samples. The
sharp decrease in Ry and R values indicates a significant
decline in the protective effectiveness of the corrosion product
film and the bare metal surface, respectively.

C.8 In vitro bioactivity

Biological analysis is one of the important aspects of the Zn-
based biomaterial as it degrades in a biological environment.
In this study the cellular response to Zn was assessed by an
indirect method wherein the response of cells to the leached
degradation products was studied.

C.8.1 Cytocompatibility. The cytocompatibility of the Zn
samples was evaluated by incubating cells in a conditioned

Table 4 Equivalent electrical circuit parameters of the as-cast and SPS zinc samples immersed in the simulated body fluid for 1 h and 24 h, respectively

Sample condition Ry Qcme R Qem2 Ret Qemz CPE; (Q1) pQ ™" em ™2 " CPE, (n;) CPE, (Q,) pQ ™" em™> S" CPE, (n,) W pQ ™" em™2 8°° Error (%)

Zn (as-cast}1h 4039 1008 789.6  2.19 x 10 ° 0.8 2.5 x 10 0.8 0.013 5.8
Zn (SPS)-1 h 41.96 1180 889 7.62 x 10°° 0.76 6.6 x 10°* 0.8 0.005 7.9
Zn (as-cast)-24 h  40.68 600 653 7.9 x 10’3> 0.8 2.4 x107° 0.6 0.015 2.8
Zn (SPS)-24 h 42.13 658 257 1.94 x 107> 0.6 8.02 x 10° 0.72 0.017 7.5
© 2025 The Author(s). Published by the Royal Society of Chemistry Mater. Adv.
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Fig. 15 Relative growth rate measured by WST assay for MC3T3-E1 cells cultured in 24 h and 72 h conditioned media for (a) 1 day and (b) 3 days. The
significance level is taken as p = 0.05, i.e., p < 0.05(*), p < 0.01 (*), p < 0.001 (*), p < 0.0001 (*) and p > 0.05, non-significant (ns), n = 4

medium (indirect method). The growth of MC3T3-E1 pre-
osteoblast cells was examined in terms of percentage relative
growth rate after incubation in the conditioned medium for
1 day or 3 days, with fresh medium serving as the control. The
viability of cells cultured in 1x and 8x extracts (100% and
12.5% concentration of conditioned medium) for 1 day and
3 days is depicted in Fig. 15. Fig. 15(a) illustrates the prolifera-
tion rate of cells in 24 h and 72 h conditioned media incubated
for 1 day. Following an 8-fold dilution, no toxicity was detected,
and the growth rates of both samples exhibited comparable
results.'® However, the response of cells in the 72 h conditioned
media varies, demonstrating lower compatibility in the 100%
extract. Conversely, the response of cells in the 8-fold dilution
was favorable. Fig. 15(b) depicts cell proliferation after 3 days of
incubation. The relative growth rate in 100% extract for both 24 h
and 72 h conditioned media exhibited a significant decrease.

Control Zn-As-cast

24 h conditioned

medium

72 h conditioned
medium

24 h conditioned
medium

72 h conditioned
medium

Fig. 16 Representative live/dead stained images of MC3T3-E1 cells trea-
ted with conditioned medium (8 x) of the as-cast and SPS samples for day
1 and 3 where the live cells are depicted in green while dead cells are
depicted in red. Cells cultured in fresh complete media act as the control.

Mater. Adv.

However, for the 8-fold diluted conditioned media, no toxicity was
observed, and the growth rate was comparable to that of the
control for both 24 h and 72 h conditioned media.

A live-dead assay was performed to further evaluate toxicity
induced by the leachates from samples. Fig. 16 depicts the live-
dead assay result, showing live cells in green color and dead
cells in red color. 8-Fold dilution of both the samples showed
a minimal number of dead cells for both day 1 and day 3
compared to live cells, confirming the cytocompatibility. It also
depicts an increased number of cells on day 3 compared to
day 1 in both samples confirming cell proliferation. In the case
of 100% extract-conditioned media samples, most of the cells were
detached after death, which agrees with the WST assay results.
Cellular morphology was characterized by using fluorescence
microscopy. Micrographs after day 1 and day 3 of incubation in
conditioned media are shown in Fig. 17, where a well-developed
cellular morphology with uniformly distributed active fibers is seen

Control Zn-As-cast Zn-SPS
24 h conditioned
medium
=]
9
&
N
72 h conditioned
medium
medium
=]
=
-
&
72 h conditioned
medium

500 pm

Fig. 17 Representative fluorescent images of MC3T3 cells treated with
condition media at day 1 and 3 showing the actin filaments (green) and
nuclei (blue) (control represents cell treated with fresh media).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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when exposed to 8-fold conditioned media. In both samples, the
cellular morphology exhibits good spreading and appears like that
of the control samples, which further corroborates the nontoxicity
of the 8-fold dilution condition in both samples. In the case of the
100% conditioned samples (both cases), they showed hampered/
stressed morphologies. Based on the above study it can be con-
cluded that both the samples exhibited similar and favorable
cytocompatibility. At 8-fold dilution, no toxicity was observed, with
healthy cell proliferation and morphology comparable to the con-
trol. In contrast, 100% of extract-conditioned media showed
reduced viability and stressed morphology. These findings confirm
that both SPS and as-cast Zn samples exhibit favorable biocompat-
ibility under 8x dilution, making them suitable for potential
biomedical applications.

D. Conclusion

The present study systematically compared the microstructural,
mechanical, corrosion, and biological properties of SPS-
processed Zn with its cast counterpart. Based on this systematic
investigation, the following main conclusions are drawn:

e SPS samples have much lower MRD values than their as-
cast counterparts. The (0002) pole figure MRD drops from ~17
in the as-cast sample to ~ 3 for the SPS condition due to rapid
heating, cooling, and pressure, causing recrystallization and
grain growth.

e EBSD analysis reveals that the SPS samples have an average
grain size of 19 um, much smaller than that of the as-cast samples.

e The compressive yield strength of the SPS Zn samples
notably increased to 115 MPa compared to the as-cast samples.

o Electrochemical analysis and long-term immersion studies
collectively demonstrate that SPS Zn exhibits controlled and
gradual degradation in simulated body fluid, similar to that of
the cast-Zn. In addition, the formation of a stable and protec-
tive corrosion product layer is exhibited, supporting its suit-
ability for biodegradable implant applications.

o The SPS samples exhibit cell viability and proliferation that
are like their as-cast Zn counterparts. When exposed to lea-
chates at a dilute concentration (8x dilution of conditioned
media), the MC3T3 cells exhibited cell viability that was like
that of fresh medium but lower viability for undiluted condit-
ioned media.

e Cytocompatibility studies confirmed that both SPS and
cast Zn support cell viability and proliferation, particularly at
diluted concentrations.

e Given its refined microstructure, enhanced mechanical
performance, and stable degradation behavior, SPS Zn emerges
as a promising candidate for biomedical applications, parti-
cularly in tissue engineering and biodegradable implant
development.
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Abstract: Nature has created a unique combination of materials, and the design and mate-
rial compositions used in nature are not successfully employed for industrial applications.
Metallic multimaterials (MMMs) are a unique class of materials that combine the prop-
erties of various metallic constituents (both matrix and reinforcement(s)) to improve the
functionality, performance in real-time, and application spectrum. Accordingly, this study
explores the fabrication perspective of MMMs by combining both additive manufacturing
(AM) and powder metallurgical (PM) routes. Ti6Al4V structures were fabricated via the
laser powder-bed fusion (LPBF) process, and the reinforcement powders were added into
the spark plasma sintering (SPS) mold where the Ti6Al4V structures were placed. Different
reinforcement compositions including Mg, Al, Fe, Ni, and Cu were explored. Since the
present study is focused on the variation of hardness, the hardness profile of the MMM
composite was explored showing a sinusoidal trend. This study stands as a testimonial of
fabricating MMM composites via a combination of AM and PM processes.

Keywords: composites; metallic multimaterials; powder metallurgy; additive manufacturing

1. Introduction

The design and composition of materials observed in nature is based on their applica-
tions and the properties needed for those applications. On this account, unique composite
materials are observed in nature with optimized design and composition [1]. Some of the
nature-inspired multimaterials are as follows: (a) bones: soft collagen with hard minerals
for energy dissipation applications [2]; (b) mollusk shells: metal in calcium carbonate shells
offer excellent mechanical and tribological properties [3]; (c) deer antlers: calcium phos-
phate covered with keratin and traces of Fe or Zn for improving toughness and fracture
resistance [4]; (d) certain fungi create composite-like structures of fungal mycelium and
metal nanoparticles (like Ag, Cu, Fe, etc.) by absorbing metals from their environment.
These composite structures offer unique antimicrobial and electrical properties [5]. How-
ever, most of the materials designed and fabricated by humans exhibit simple structures
using single materials or simple combinations of materials as composites. Hence, they are
not completely optimized for unique/specific applications due to unique challenges and
limitations w.r.t. design and traditional manufacturing technologies [6].
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Thanks to the introduction of additive manufacturing (AM) technologies and the intro-
duction of design for additive manufacturing (DfAM) offering unlimited design freedom
with layer-by-layer deposition and fabrication mechanism [7-14], using AM, materials
with complex structures and theoretically any design may be fabricated [15-17]. Recent
technological innovations and advancements have offered the advantages of fabricating
functionally graded materials either of single materials or multiple materials [15,18-24]
and multimaterials [25-28]. The metallic multimaterials (MMMs) fabricated by LPBF are
conventionally made of two materials in the form of structures or solids [29]. MMMs
with multiple compositions were also fabricated via the LPBF process but in a graded
fashion. However, it is difficult to fabricate MMMs in the form of composites, where one or
multiple materials (reinforcements) are periodically placed or randomly distributed within
the matrix. This is where interpenetrating composites (IPCs) are fabricated, where the
LPBF fabricates the structure matrix, and the second material (generally a low-temperature
material) is introduced via casting, which is often a low melting reinforcement [30—40].
When the IPCs are fabricated with the help of AM and casting, only one type of reinforce-
ment may be introduced into the AM-made precursor, and it is impossible to add multiple
reinforcements to the precursor [41-45]. To overcome such disadvantages and to fabricate
MMMs with one type of matrix and several reinforcements, an AM-made precursor may
be added with multiple reinforcements through a powder metallurgical (PM) approach.
Accordingly, this manuscript stands as a testimony for fabricating MMMSs by combining
AM and PM approaches, where the Ti6 Al4V honeycomb structure (precursor) is fabricated
via the LPBF process, and one or multiple reinforcements are added through a PM approach
to reap the benefits of MMMs.

MMMs have impacted industry in almost every sector (including aerospace, automo-
tive, energy, industrial, medical, etc.) by extending both the capabilities and functionality
of components matching the specific needs of the working environment [46-48]. More
efficient parts may be fabricated by combining different materials (Table 1). Some examples
are: (1) Materials with insulating properties are combined with conductors for reducing
energy consumption in building and/or automotive industries [49]. (2) Material com-
binations where high strength and toughness are combined with functional properties
(thermal and electrical conductivity) [50,51]. (3) In addition, MMM parts can help improve
components life span, promoting a more green and sustainable future. Lightweight and
functionally active MMMs in the automobile and aerospace sectors can help in increasing
the life span of the vehicle and at the same time help in energy and fuel savings and
reducing CO, emissions [52-54].

Combining two unique processes (AM and PM) offers the following specific advan-
tages: (1) flexible and enhanced material design—offering the possibility of fabricating
tailored and gradient structures; (2) improved properties including mechanical properties;
(3) reduced material defects; (4) optimized material utilization; (5) application-specific
properties by tuning the material additions; (6) cost-efficiency; and (7) versatility in man-
ufacturing. In addition, for the fabrication of MMMs (interpenetrating composites), the
combination of AM and casting approaches may be utilized. However, if more than one
reinforcement is required to be added to the matrix, the casting-based approach may not be
feasible and hence the novel approach of introducing PM to AM will be highly beneficial.
Accordingly, this manuscript proposes a novel combination of manufacturing processes
(by combining AM and PM) to fabricate MMMs with different material combinations.
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Table 1. Table illustrating the reported multimaterials along with their industrial applications and a
brief rationale on the material combinations.

Material
Combination

Industry

Description

References

IN 718—316L
Stainless steel
(SS)

Nuclear fission
applications

Applications: Pressure tubes, reactor head (pressurized light-water
reactors) or bottom (boiling light-water reactors), and the reactor
pressure vessel of the nuclear reactor
Material 1: Nickel alloys ensure resistance to extreme chemical
environments (corrosion resistance) and high temperatures—especially
high-temperature corrosion resistance.

Material 2: Stainless steel provides mechanical strength and
corrosion resistance.

Material combination: The combination of these materials (IN718 and
316L SS) offers both high-temperature resistance and structural
integrity, ensuring safe and efficient reactor operation.

[51,55-57]

316L
55—Oxygen-free
high conductivity
(OHFC) Cu

Nuclear fusion
applications

Applications: Plasma-facing surfaces of divertor plates and first wall
components in tokamaks (fusion reactors) like ITER.
Material 1: Copper provides excellent thermal conductivity, which is
crucial for efficiently removing heat from the reactor surface exposed to
high plasma temperatures.

Material 2: Stainless steel offers structural integrity and corrosion
resistance, essential for withstanding the demanding
reactor environment.

Material combination: The plasma-facing components (PFCs) are
exposed to extremely high heat fluxes, requiring materials that can
handle both high temperatures and the erosive effects of plasma.

[58,59]

H360LA—EN
AW-5128/EN
AW-6016

Chemical
processing
applications

Applications: Adapters in oxygen regenerators.

Material 1: Steel ensures mechanical strength and durability.
Material 2: Aluminum forms a protective alumina layer, ensuring high
corrosion resistance in oxygen-rich environments.

Material combination: Combines corrosion resistance with
structural support.

[60]

Ti6 Al4V—IN718

Nuclear fusion/
aerospace
applications

Applications: Gas turbine blades and shafts.

Material 1: Titanium is lightweight with a high strength-to-weight
ratio, making it ideal for cooler sections of the turbine to reduce
overall weight.

Material 2: Inconel, a nickel-based superalloy, exhibits excellent creep
and oxidation resistance, enabling it to perform in high-temperature
regions exposed to hot gases.

Material combination: Enhances turbine efficiency with reduced
weight and improved durability in varying thermal zones.

[61]

C18400
Cu
alloy—AISi10Mg

Electrical
applications

Applications: Electrical connectors and heat exchangers.
Material 1: Copper offers excellent electrical conductivity and
heat dissipation.

Material 2: Aluminum provides lightweight and corrosion-resistant
properties, making it suitable for large structures.

Material combination: Combines high conductivity and lightweight
characteristics for efficient energy systems.

[62]

316L
SS—CuSn10

Marine/industrial

applications

Applications: Heat exchanger components and
corrosion-resistant structures.
Material 1: SS316L provides corrosion resistance and mechanical
strength in marine environments.
Material 2: CuSn10 ensures superior thermal and electrical
conductivity, alongside excellent wear resistance.

Material combination: Combines structural integrity and conductivity

for demanding environments.

[63,64]
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Table 1. Cont.

Material
Combination

Industry

Description References

AlISi10Mg—
C18400 Cu alloy

Lightweight
components

Applications: Lightweight structural and thermal
management components.

Material 1: A lightweight aluminum alloy commonly used in additive
manufacturing (AM) for its excellent mechanical properties, high
strength-to-weight ratio, and corrosion resistance.

Material 2: A high-conductivity copper alloy primarily used for
thermal management applications due to its superior electrical and
thermal conductivity.

Material combination: Provides lightweight structures with efficient
thermal management.

[62]

Cu—H13 tool
steel

Die casting
applications

Applications: Bi-metallic die for the pressure die-casting industry.
Material 1: Core would be from copper to reduce thermal resistance,
thus encouraging the flow of heat energy from the cavity to the
cooling channels. [65]
Material 2: H13 tool steel to provide structural strength.
Material combination: Combines thermal management with structural
integrity for effective die-casting operations.

Tool
steel-ceramic
(800/021‘02 +20%
Al,O3—tool steel

Tooling
applications

Applications: Tools and dies.
Material 1: Tool steel provides structural strength and toughness.
Material 2: Ceramic offers high hardness and wear resistance. [60]
Material combination: Combines toughness and wear resistance for
extended tool life in demanding applications.

SiC—316L

Advanced
manufacturing
applications

Applications: Support structures for SLM.
Material 1: Silicon carbide enhances wear resistance and
thermal conductivity.
Material 2: Stainless steel ensures corrosion resistance and [66]
structural integrity.
Material combination: Facilitates easy support removal and
high-performance structural compatibility.

Ti6Al4V—Cu

Biomedical/
aerospace
applications

Applications: Implants and components requiring
thermal management.
Material 1: Titanium ensures biocompatibility and structural strength
in biomedical and aerospace applications.

Material 2: Copper provides excellent thermal conductivity for (671

heat management.
Material combination: Combines biocompatibility and efficient thermal
management for biomedical and aerospace uses.

2. Experimental Details

The Ti6Al4V honeycomb structures were fabricated using a laser powder-bed fusion
(LPBF) SLM280 device from SLM Solutions GmbH (Luebeck, Germany) from commercially
available Ti6Al4V atomized powders. The Ti6Al4V samples were fabricated using the
following laser parameters: laser power ‘W’: 400 W, laser scan rate ‘v”: 1000 mm/s, hatch
distance ‘h’: 0.12 mm, and layer thickness ‘t: 0.05 mm, leading to an energy density
of 66.67 J/mm? [68]. The Ti6Al4V structures were fabricated over a Ti-based substrate
under an Ar atmosphere to avoid possible oxidation of the melt during the LPBF process.
Similarly, the 316L stainless steel (SS) sample was fabricated using the following process
parameters: laser power ‘W’: 62.5 W, laser scan rate ‘o”: 1000 mm/s, hatch distance ‘h":
0.060 mm, and layer thickness ‘#’: 0.025 mm, leading to an energy density of 42.00 J/mm°. A
hatch-style rotation of 90° was employed between the layers to minimize possible thermal
gradients arising during extreme solidification conditions [69-72]. The composite samples
were prepared using the spark plasma sintering (SPS) HPD 10-GB device from FCT System
GmbH (Effelder-Rauenstein, Germany). The matrix (Ti6Al4V struts) is placed inside a
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graphite mold and the reinforcement particles (commercially available powders of appx.
50 um diameter from Al, Mg, Fe, Ni, and Cu) are added to the struts in the required
portions. The composites are then consolidated to form metallic multimaterials. The
sintering parameters are furnished in Table 2. The composite manufacturing steps are
furnished in Figure 1.

Table 2. Table furnishing the process parameters employed during the spark plasma sintering process
to fabricate the metallic multimaterials.

S. No. Composition Temperature (°C) Load (MPa) Time (min)
1 Ti-Mg 550 50 10
2 Ti-Mg-Al 550 50 10
3 Ti-Mg-Al-Fe 550 50 10
4 SS(Hexagon)—Ti—Cu-Ni 1000 50 5

APBF fabricated precursnx Spark plasma sintering fh / Composite sample \

composite fabrication

al LPBF bl Spark Plasma Sintering cl Microstructure of the composite
sample

e el = 1

|—Laser 1 1

Laser beam 1 l |
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S }-' (oL 1 Current |
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Figure 1. Schematic illustration of the composite manufacturing process: (al) additive manufacturing

of the lattice using LPBF process, (a2) fabricated metal lattice precursor, (b1) spark plasma sintering
of the composite by placing the precursor inside the spark plasma sintering mold, and (c1) structure
of the fabricated metallic bimetal.

The structural characterization of the samples was carried out using X-ray diffraction
(XRD) by a Panalytical X'Pert PRO Diffractometer (Malvern Panalytical GmbH, Kassel,
Germany) with Cu K« (A = 1.54 A) radiation at 40 kV and 30 mA. The scanning was
performed within the 26 range 20° and 100° with a step size of 0.01° and scan speed of
1°/min. The microstructural characterization was carried out using a scanning electron
microscope (SEM) from Zeiss Gemini SEM 450, Zeiss GmbH, Oberkochen, Germany
integrated with Apex energy dispersive spectroscopy (EDS). Both secondary (SE) and
backscatter (BSD) SEM images were recorded. The mechanical testing of the samples was
carried out using a Future-Tech Corp microhardness tester (FM-810), Future Tech GmbH,
Quierschied, Germany. A test load of 0.1 kgf and a dwell time of 10 s were employed for all
the hardness measurements.

3. Results and Discussion

Figure 2 shows the SEM-EDS maps of the metallic multimaterials (Ti6Al4V-Mg—
bimetal, Ti6Al4V-Mg-Al—trimetal, and Ti6Al4V-Mg—-Al-Fe—MMM). It can be observed
from Figure 2a—Ti6Al4V-Mg MMM composite that the Ti6Al4V matrix lattice is not
distorted and almost maintains its structure/dimensions after the SPS process. The Mg
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reinforcement is sintered and shows a distinct interface with the matrix. However, no inter-
facial reaction between the matrix (Ti) and the reinforcement (Mg) may be observed. On the
other hand, in the case of the Ti6Al4V-Mg-Al MMM composite (where two reinforcements
Mg and Al are added to the Ti6 Al4V matrix) (Figure 2b), both Al and Mg reinforcements
are sintered without introducing porosity and maintain a good interface with the lattice.
No material reaction is observed at the matrix-reinforcement interface (from Figure 2b).
In addition, both the reinforcements are distributed evenly except at the boundary, where
there is a mixture of both Mg and Al (as marked in Figure 2b). This mixing of Al and
Mg may have happened during the addition of the reinforcement powders to the Ti6Al4V
lattice precursor. The Ti6Al4V lattice shows signs of distortion, where the compression
of the lattice is observed. In Figure 2c, three different reinforcements (Mg, Al, and Fe)
were added to the Ti6Al4V matrix. This MMM composite shows severe lattice distortion
like the Ti6Al4V-Mg—-Al composite. The reinforcement particles are sintered well, and no
visible interfacial reaction is observed between the reinforcement particles and the Ti6Al4V
precursor interface. Like the previous counterpart (Ti6Al4V-Mg—-Al composite), the mixing
of reinforcement powders may be observed near the interface and are marked by blue areas
in Figure 2c.

Figure 2. Scanning electron microscopy—energy dispersive spectroscopy area maps showing the
individual constituents present in the metallic multimaterials (MMMs): (a) Ti6Al4V-Mg MMM
composite—bimetal composite, (b) Ti6Al4V-Mg-Al composite—trimetal composite, and (c) Ti6Al4V-
Mg-Ti-Fe composite—multimaterial composite.

XRD measurements were conducted on these MMM composites to evaluate the reac-
tion between the different reinforcement powders at their interface and the reinforcement—
matrix interface. The XRD diffraction patterns of these MMM composites (Ti6Al4V-Mg,
Ti6 Al4V-Mg-Al, and Ti6Al4V-Mg-Al-Fe) are shown in Figure 3. The Ti6Al4V structure
fabricated by LPBF shows the presence of o/-Ti—martensitic microstructure, even though
Ti6Al4V is an « + 3 composition [73-79]. The complex interplay during heat extraction
along different directions (including conduction, convection, and radiation) with different
rates leads to a complex and anisotropic microstructure in the LPBF-processed materi-
als [80-83]. The diffraction pattern of the Ti6Al4V-Mg MMM shows the diffraction peaks
of Mg and o/ o-Ti phases, both showing hcp crystal structure. Thermal energy supplied
during the SPS process may partially relax the Ti6Al4V microstructure, where partial trans-
formation of o phase to « phase may take place. Hence both « and «’ phases coexist after
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the SPS process. No additional peaks other than the Mg and o/ o/-Ti phases are observed
within the deductible limits of the XRD suggesting no interfacial reaction taking place
during the fabrication process.

Ti+Mg-Al-Fe Ti+Mg-Al Ti+Mg
—_
= [@-Mg @-Ti ®-Al @-Fe]
8 (&)
.*? @d @
£ "ll ® o
§® 2P 290 AP 412 o 0
L] (0]
= (6]
[ [©) o,
212Ul e R %0 o o
< (0]
g
5
Z190lce @ 09 9 ® 00 o o

30 45 60 75 90
Diffraction angle - 20 (degree)

Figure 3. X-ray diffraction patterns of the different metallic multimaterial composites fabricated by
the combination of additive manufacturing and powder metallurgical processes.

The diffraction pattern of the Ti6A14V-Mg—Al MMM shows the peaks of hcp Mg and
o/ o -Ti phases and fec «-Al corresponding to the matrix and the two reinforcements in
the MMM composites. No additional peaks other than the Mg, Al, and «/ «’-Ti phases are
observed suggesting no interfacial reaction. Similarly in the case of the third composite,
where three different reinforcements are added (Mg, Al, and Fe), four phases are observed,
namely, hcp Mg, o/ o’-Ti, fec o-Al, and o-Fe. Even in this case, no additional phases are
observed corroborating that no intermetallic phases form at the interface due to interfacial
reaction within the XRD deductible limits. The results suggest that the sintering conditions
(time, pressure, and temperature and their combination) are insufficient to initiate interfacial
diffusion between the matrix and interface.

The SEM (BE and BSD) images of the MMM composites are shown in Figure 4. The
microstructures of the LPBF Ti6Al4V structures transform from a predominantly o-Ti—
martensitic microstructure to a «/o/-Ti microstructure after sintering. This is due to
the thermal energy offered to the structures during sintering that relaxes the Ti6Al4V
microstructure. In addition, the internal defects like dislocation density reduce from
~3.5 x 10" m/m? to ~4.8 x 10'* m/m? due to structural relaxation of the structure with
the supplied thermal energy during the SPS process. It may be observed from Figure 4 that
the reinforcement particles (Mg/Al/Fe) do not form any reaction at the interface. However,
there may be a chance of reaction between the reinforcements observed at the reinforcement
boundaries due to particle mixing that may have occurred during the fabrication process
(during powder addition to the Ti6Al4V precursor). The BSD images show the material
contract between the different reinforcement compositions and the matrix. Near the Al/Fe
reinforcement boundary mixing of powder is observed. However, no concrete evidence of
intermetallic phase formation can be ascertained from the SEM image corroborating the
XRD patterns. The SE images show that both Mg and Al particles diffuse well during the
sintering process (sintering temperature—550 °C > 0.7Ty,) since the particle boundaries
almost disappear. However, in the case of the Fe particles, the particle boundaries still exist,
suggesting the diffusion between the particles is incomplete due to the employed sintering
temperature (550 °C), which is less than 0.7Tp,.
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Figure 4. Scanning electron microscopy images (both secondary electron (BE) and back-scattered (BSD)
modes) showing the microstructure of the Ti6Al4V-Mg-Al-Fe metallic multimaterial composite.

The hardness profile observed for the Ti6Al4V-Mg—-Al-Fe MMM composite is shown
in Figure 5. Since the LPBF Ti6Al4V results in o/-Ti martensitic microstructure, it offers
very high hardness (~480 HV). However, after the SPS process, the hardness relaxes and
hardness values of ~460 HV were observed for the Ti6Al4V structure. The reinforcement
(since sintered) shows lower hardness than the solidified Ti6Al4V structure. Sintered Fe
shows the highest hardness of ~110 HV, Mg showing intermediate hardness (~75 HV), and
Al the least hardness (~40 HV). Since the reinforcements and the matrix lattice are placed
uniquely, the hardness profile shows variation in a sinusoidal fashion (Figure 5). Such a
unique hardness profile can be observed only for the novel MMM composites fabricated by
combining both AM and PM processes.
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Figure 5. Hardness profile plot observed for the Ti6 Al14V-Mg—-Al-Fe metallic multimaterial composite
fabricated by combining additive manufacturing and powder metallurgical processes.

To illustrate the feasibility of fabricating different compositions, another MMM com-
posite with three different reinforcement compositions and matrix precursor has been
manufactured. The three different reinforcement compositions are CP-Ti, CP-Ni, and
CP—Cu. The matrix precursor used was 316L SS (Figure 6). Since the LPBF 316L SS shows
austenitic microstructure (exhibiting fcc crystal structure, which is soft in nature [84-92])
and the employed sintering temperature was 1000 °C (which is ~0.7 Ty,), the precursor
structure was severely deformed/distorted along the CP-Ti side (which is harder as com-



J. Compos. Sci. 2025, 9, 80

9of 14

pared to Niand Cu). Since Ti is hard, it can resist the load and distort the precursor structure.
However, along the Cu and Ni sides, the distortion of 316L SS was not pronounced due to
the soft nature of the reinforcement and the reinforcement particles can observe the load
during the SPS process. In addition, like the Ti6Al4V-Mg-Al-Fe composite, the reinforce-
ment powders Ni and Cu were missing near their interface. However, no distinct interfacial
reaction between the reinforcements and reinforcement-matrix interface is observed.

2 mm
[ Ti | Fe [ Ni [le

Figure 6. Scanning electron microscopy—energy dispersive spectroscopy area maps showing the

individual constituents present in the 316L S5-Ti-Cu-Ni metallic multimaterial composite.

These MMM composites are subjected to sintering after the reinforcement particles are
introduced to the matrix precursor (typically fabricated using AM-based processes) [93-98].
In general, no interfacial reaction between the matrix and the reinforcement particles is
observed. The absence of reinforcement reaction between the matrix and interface in MMM
composites may be attributed to the following: The reinforcement particles introduced
into the matrix precursor are loosely packed and most of the pressure applied during the
sintering process is utilized for the consolidation of the powder particles. In addition,
the temperature applied during the sintering process will be quite low and the time of
sintering is too short to form any reaction between the powder reinforcement particles
and the matrix at the interface. The interfacial reaction may be pronounced if an extended
sintering time may be offered with very high sintering temperatures (close to the melting
point of the reinforcement material) [99-105]. In this study, the feasibility of manufacturing
MMM composites by combining AM (LPBF) and PM (SPS) was demonstrated. Several
MMM composites (bimetal —Ti6Al4V-Mg, trimetal —Ti6 Al4V-Mg-Al, and multimaterials—
Ti6 Al4V-Mg-Al-Fe and 316L SS—Cu-Fe-Ti) were fabricated. In all these combinations,
hardness was taken as the varying factor and sinusoidal hardness variation can be ob-
served in the Ti6Al4V-Mg—-Al-Fe MMM. Similarly, MMMs with other varying properties
(like conductivity, corrosion, tribology, etc.) may be fabricated by carefully selecting the
composition of the reinforcement(s) and matrix. The structure of the matrix may also be
modified depending on the real-time application. Hence, the present study is a testimony
of fabricating next-generation and novel MMM composites with multiple compositions.

4. Conclusions

The present manuscript deals with the fabrication of Ti6Al4V —-Mg/Al/Fe and 316L
SS/Ti/Cu/Ni MMMs by combining AM (LPBF) and PM (SPS) techniques. The results
show that there is no interfacial reaction between the matrix and the reinforcement and
between the different reinforcement compositions. Occasionally between the two rein-
forcement interfaces mixing of powder particles may be observed that arises during the
powder introduction process before consolidation. The hardness profile shows a sinusoidal
variation in hardness due to the distribution of the different reinforcement particles and the
matrix precursor. The present study opens the avenue of fabricating MMMs with different
compositions, where a diverse material property is required.



J. Compos. Sci. 2025, 9, 80 10 0f 14

Author Contributions: Conceptualization, L.X., ZW. and K.G.P,; methodology, M.K.Y., R.S. and
K.G.P; validation, L.X., Z.W. and K.G.P; formal analysis, M.K.Y., R.S. and K.G.P,; investigation, M.K.Y.,
RS, LX., ZW. and K.G.P,; resources, L.X. and K.G.P,; data curation, M.K.Y. and R.S.; writing—original
draft preparation, M.K.Y,, R.S., L.X. and Z.W.; writing—review and editing, K.G.P,; supervision, K.G.P;
project administration, K.G.P.; funding acquisition, L.X., Z.W. and K.G.P. All authors have read and
agreed to the published version of the manuscript.

Funding: The present research was partially supported by the National Natural Science Foundation
of China (52205382) and special fund of Jiangsu Province Science and Technology Plan (BZ2024019).

Data Availability Statement: Data may be shared on reasonable requests.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Katiyar, N.K; Goel, G.; Hawi, S.; Goel, S. Nature-Inspired Materials: Emerging Trends and Prospects. NPG Asia Mater. 2021,
13, 56. [CrossRef]

2. Li Y;Liu Y, Li, R,; Bai, H,; Zhu, Z.; Zhu, L.; Zhu, C.; Che, Z,; Liu, H.; Wang, ] ; et al. Collagen-Based Biomaterials for Bone Tissue
Engineering. Mater. Des. 2021, 210, 110049. [CrossRef]

3. Le Vay, L,; Egan, B. SHELLFISH (MOLLUSCS AND CRUSTACEA) | Characteristics of the Groups. In Encyclopedia of Food
Microbiology; Elsevier: Amsterdam, The Netherlands, 1999; pp. 1993-2001. [CrossRef]

4. Kierdorf, U, Stoffels, D.; Kierdorf, H. Element Concentrations and Element Ratios in Antler and Pedicle Bone of Yearling Red
Deer (Cervus Elaphus) Stags—A Quantitative X-Ray Fluorescence Study. Biol. Trace Elem. Res. 2014, 162, 124-133. [CrossRef]

5. Moghaddam, A.B.; Namvar, F; Moniri, M.; Tahir, PM.; Azizi, S.; Mohamad, R. Nanoparticles Biosynthesized by Fungi and Yeast:
A Review of Their Preparation, Properties, and Medical Applications. Molecules 2015, 20, 16540. [CrossRef]

6. Bandyopadhyay, A.; Traxel, K.D.; Bose, S. Nature-Inspired Materials and Structures Using 3D Printing. Mater. Sci. Eng. R Rep.
2021, 145, 100609. [CrossRef] [PubMed]

7.  Herzog, D.; Seyda, V.; Wycisk, E.; Emmelmann, C. Additive Manufacturing of Metals. Acta Mater. 2016, 117, 371-392. [CrossRef]

8 DebRoy, T.; Wei, H.L.; Zuback, ]J.S.; Mukherjee, T.; Elmer, ].W.; Milewski, ].O.; Beese, A.M.; Wilson-Heid, A.; De, A.; Zhang,
W. Additive Manufacturing of Metallic Components—Process, Structure and Properties. Prog. Mater. Sci. 2018, 92, 112-224.
[CrossRef]

9.  Aboulkhair, N.T.; Simonelli, M.; Parry, L.; Ashcroft, I.; Tuck, C.; Hague, R. 3D Printing of Aluminium Alloys: Additive
Manufacturing of Aluminium Alloys Using Selective Laser Melting. Prog. Mater. Sci. 2019, 106, 100578. [CrossRef]

10. Li,S;Yuan, S.; Zhu, J.; Wang, C.; Li, ].; Zhang, W. Additive Manufacturing-Driven Design Optimization: Building Direction and
Structural Topology. Addit. Manuf. 2020, 36, 101406. [CrossRef]

11. Korpela, M.; Riikonen, N.; Piili, H.; Salminen, A.; Nyrhild, O. Additive Manufacturing—Past, Present, and the Future. In Technical,
Economic and Societal Effects of Manufacturing 4.0; Palgrave Macmillan: Cham, Switzerland, 2020; pp. 17-41. [CrossRef]

12.  Gibson, I; Rosen, D.; Stucker, B. Additive Manufacturing Technologies: 3D Printing, Rapid Prototyping, and Direct Digital Manufacturing,
2nd ed.; Springer: Berlin/Heidelberg, Germany, 2015; pp. 1-498. [CrossRef]

13. Lalegani Dezaki, M.; Serjouei, A.; Zolfagharian, A.; Fotouhi, M.; Moradi, M.; Ariffin, M.K.A.; Bodaghi, M. A Review on
Additive/Subtractive Hybrid Manufacturing of Directed Energy Deposition (DED) Process. Adv. Powder Mater. 2022, 1, 100054.
[CrossRef]

14. Yoo, D.J. Recent Trends and Challenges in Computer-Aided Design of Additive Manufacturing-Based Biomimetic Scaffolds and
Bioartificial Organs. Int. ]. Precis. Eng. Manuf. 2014, 15, 2205-2217. [CrossRef]

15. Mahmoud, D.; Elbestawi, M. Lattice Structures and Functionally Graded Materials Applications in Additive Manufacturing of
Orthopedic Implants: A Review. J. Manuf. Mater. Process. 2017, 1, 13. [CrossRef]

16. Cann, J.L.; De Luca, A.; Dunand, D.C.; Dye, D.; Miracle, D.B.; Oh, H.S.; Olivetti, E.A_; Pollock, T.M.; Poole, W.J.; Yang, R.; et al.
Sustainability through Alloy Design: Challenges and Opportunities. Prog. Mater. Sci. 2021, 117, 100722. [CrossRef]

17.  Bertol, L.S.; Junior, WK.; da Silva, F.P.; Aumund-Kopp, C. Medical Design: Direct Metal Laser Sintering of Ti-6Al-4V. Mater. Des.
2010, 31, 3982-3988. [CrossRef]

18. Tan, C.; Zhou, K,; Kuang, T. Selective Laser Melting of Tungsten-Copper Functionally Graded Material. Mater. Lett. 2019, 237,
328-331. [CrossRef]

19. Wang, S.; Liu, L.; Li, K.; Zhu, L.; Chen, J.; Hao, Y. Pore Functionally Graded Ti6Al4V Scaffolds for Bone Tissue Engineering
Application. Mater. Des. 2019, 168, 107643. [CrossRef]

20. Vijayavenkataraman, S.; Kuan, L.Y.; Lu, W.E. 3D-Printed Ceramic Triply Periodic Minimal Surface Structures for Design of

Functionally Graded Bone Implants. Mater. Des. 2020, 191, 108602. [CrossRef]



J. Compos. Sci. 2025, 9, 80 110f14

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

Baskaran, J.; Muthukannan, D.; Shukla, R.; Konda Gokuldoss, P. Manufacturability and Deformation Studies on a Novel Metallic
Lattice Structure Fabricated by Selective Laser Melting. Vacuum 2024, 222, 113065. [CrossRef]

Han, J.C.; Wang, B.L. Thermal Shock Resistance Enhancement of Functionally Graded Materials by Multiple Cracking. Acta Mater.
2006, 54, 963-973. [CrossRef]

Feng, H.; Meng, Q.; Zhou, Y.; Jia, D. Spark Plasma Sintering of Functionally Graded Material in the Ti-TiB2-B System. Mater. Sci.
Eng. A 2005, 397, 92-97. [CrossRef]

Zhang, X.Y.; Fang, G.; Xing, L.L.; Liu, W.; Zhou, J. Effect of Porosity Variation Strategy on the Performance of Functionally Graded
Ti-6Al-4V Scaffolds for Bone Tissue Engineering. Mater. Des. 2018, 157, 523-538. [CrossRef]

Wei, C.; Li, L. Recent Progress and Scientific Challenges in Multi-Material Additive Manufacturing via Laser-Based Powder Bed
Fusion. Virtual Phys. Prototyp. 2021, 16, 347-371. [CrossRef]

Verma, A.; Kapil, A.; Klobcar, D.; Sharma, A. A Review on Multiplicity in Multi-Material Additive Manufacturing: Process,
Capability, Scale, and Structure. Materials 2023, 16, 5246. [CrossRef]

Chen, D.; Zheng, X. Multi-Material Additive Manufacturing of Metamaterials with Giant, Tailorable Negative Poisson’s Ratios.
Sci. Rep. 2018, 8, 9139. [CrossRef]

Nazir, A.; Gokcekaya, O.; Md Masum Billah, K.; Ertugrul, O.; Jiang, J.; Sun, J.; Hussain, S. Multi-Material Additive Manufacturing:
A Systematic Review of Design, Properties, Applications, Challenges, and 3D Printing of Materials and Cellular Metamaterials.
Mater. Des. 2023, 226, 111661. [CrossRef]

Prashanth, K.G. Interpenetrating Composites: A Nomenclature Dilemma. Materials 2025, 18, 273. [CrossRef]

Zhang, Z.; Wang, Z.; Zhao, Q.; Prashanth, K.G. Metal-Metal Interpenetrating Phase Composites: A Review. J. Alloys Compd. 2024,
1009, 176951. [CrossRef]

Liu, Y,; Chen, B; Liu, Z.; Zhang, Z.; Ritchie, R.O. Bioinspired Interpenetrating-Phase Metal Composites. Prog. Mater. Sci. 2024,
144,101281. [CrossRef]

Zhang, M.; Yu, Q.; Liu, Z.; Zhang, J.; Tan, G; Jiao, D.; Zhu, W.; Li, S.; Zhang, Z.; Yang, R.; et al. 3D Printed Mg-NiTi
Interpenetrating-Phase Composites with High Strength, Damping Capacity, and Energy Absorption Efficiency. Sci. Adv. 2020, 6,
5581-5589. [CrossRef]

Zhang, M.; Zhao, N.; Yu, Q.; Liu, Z.; Qu, R.; Zhang, J.; Li, S.; Ren, D.; Berto, F.; Zhang, Z.; et al. On the Damage Tolerance of 3-D
Printed Mg-Ti Interpenetrating-Phase Composites with Bioinspired Architectures. Nat. Commun. 2022, 13, 3247. [CrossRef]
Mattern, A.; Huchler, B.; Staudenecker, D.; Oberacker, R.; Nagel, A.; Hoffmann, M.]. Preparation of Interpenetrating Ceramic—
Metal Composites. J. Eur. Ceram. Soc. 2004, 24, 3399-3408. [CrossRef]

Merzkirch, M.; Bliimel, C.; Rossler, R.; Schell, K.G.; Bucharsky, E.C.; Weidenmann, K.A. Manufacturing and Characterization of
Interpenetrating SiC Lightweight Composites. Procedia CIRP 2014, 18, 102-107. [CrossRef]

Wang, B.; Zhao, S.; Ojima, E; Yang, J.F.; Ishizaki, K. Pulse Electric Current Sintering of 3D Interpenetrating SiC/Al Composites.
Ceram. Int. 2017, 43, 2867-2870. [CrossRef]

Moon, R.J.; Tilbrook, M.; Hoffman, M.; Neubrand, A. Al-AI203 Composites with Interpenetrating Network Structures: Composite
Modulus Estimation. J. Am. Ceram. Soc. 2005, 88, 666—674. [CrossRef]

Prielipp, H.; Knechtel, M.; Claussen, N.; Streiffer, S.K.; Miillejans, H.; Riihle, M.; Rodel, J. Strength and Fracture Toughness of
Aluminum/Alumina Composites with Interpenetrating Networks. Mater. Sci. Eng. A 1995, 197, 19-30. [CrossRef]

Drotérovd, L.; Slametka, K.; Balint, T.; Remesova, M.; Hudak, R.; Ziveak, J.; Schnitzer, M.; Celko, L.; Montufar, E.B. Biodegradable
WE43 Mg Alloy/Hydroxyapatite Interpenetrating Phase Composites with Reduced Hydrogen Evolution. Bioact. Mater. 2024, 42,
519-530. [CrossRef]

Guo, X; Ding, J.; Li, X.; Qu, S.; Hsi Fuh, ].Y;; Lu, WE,; Song, X.; Zhai, W. Interpenetrating Phase Composites with 3D Printed
Triply Periodic Minimal Surface (TPMS) Lattice Structures. Compos. B Eng. 2023, 248, 110351. [CrossRef]

Mortensen, A. Melt Infiltration of Metal Matrix Composites. Compr. Compos. Mater. 2000, 3, 521-554. [CrossRef]

Sasaki, G.; Adachi, J.; Choi, Y.B.; Pan, J.; Fujii, T.; Matsugi, K.; Yanagisawa, O. Fabrication of the Aluminum Matrix Composite by
Ultrasonic Infiltration Technique. Mater. Sci. Forum 2005, 475479, 921-924. [CrossRef]

Sampath, V.; Ramanan, N.; Palaninathan, R. Modeling of Liquid Metal Infiltration of Porous Fiber Preform During Squeeze
Casting. Mater. Manuf. Process. 2006, 21, 495-505. [CrossRef]

Travitzky, N.A. Microstructure and Mechanical Properties of Alumina/Copper Composites Fabricated by Different Infiltration
Techniques. Mater. Lett. 1998, 36, 114-117. [CrossRef]

Srinivasa Rao, B.; Jayaram, V. Pressureless Infiltration of AlI-Mg Based Alloys into A1203 Preforms: Mechanisms and Phenomenol-
ogy. Acta Mater. 2001, 49, 2373-2385. [CrossRef]

Hinojos, A.; Mireles, J.; Reichardt, A.; Frigola, P.; Hosemann, P.; Murr, L.E.; Wicker, R.B. Joining of Inconel 718 and 316 Stainless
Steel Using Electron Beam Melting Additive Manufacturing Technology. Mater. Des. 2016, 94, 17-27. [CrossRef]

Mei, X.; Wang, X.; Peng, Y.; Gu, H.; Zhong, G.; Yang, S. Interfacial Characterization and Mechanical Properties of 316L Stainless
Steel/Inconel 718 Manufactured by Selective Laser Melting. Mater. Sci. Eng. A 2019, 758, 185-191. [CrossRef]



J. Compos. Sci. 2025, 9, 80 12 0f 14

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

Sagong, M.]J; Kim, E.S.; Park, ].M.; Karthik, G.M.; Lee, B.].; Cho, ] W.; Lee, C.S.; Nakano, T.; Kim, H.S. Interface Characteristics
and Mechanical Behavior of Additively Manufactured Multi-Material of Stainless Steel and Inconel. Mater. Sci. Eng. A 2022,
847,143318. [CrossRef]

Zinkle, S.J.; Was, G.S. Materials Challenges in Nuclear Energy. Acta Mater. 2013, 61, 735-758. [CrossRef]

Leedy, K.D.; Stubbins, ].F. Copper Alloy-Stainless Steel Bonded Laminates for Fusion Reactor Applications: Crack Growth and
Fatigue. Mater. Sci. Eng. A 2001, 297, 19-25. [CrossRef]

Liu, ZH.; Zhang, D.Q.; Sing, S.L.; Chua, C.K; Loh, L.E. Interfacial Characterization of SLM Parts in Multi-Material Processing:
Metallurgical Diffusion between 316L Stainless Steel and C18400 Copper Alloy. Mater. Charact. 2014, 94, 116-125. [CrossRef]
Schimek, M.; Springer, A.; Kaierle, S.; Kracht, D.; Wesling, V. Laser-Welded Dissimilar Steel-Aluminum Seams for Automotive
Lightweight Construction. Phys. Procedia 2012, 39, 43-50. [CrossRef]

Scaramuccia, M.G.; Demir, A.G.; Caprio, L.; Tassa, O.; Previtali, B. Development of Processing Strategies for Multigraded Selective
Laser Melting of Ti6Al4V and IN718. Powder Technol. 2020, 367, 376-389. [CrossRef]

Sing, S.L.; Lam, L.P; Zhang, D.Q.; Liu, Z.H.; Chua, C.K. Interfacial Characterization of SLM Parts in Multi-Material Processing:
Intermetallic Phase Formation between AlSi10Mg and C18400 Copper Alloy. Mater. Charact. 2015, 107, 220-227. [CrossRef]
Chen, K.; Wang, C.; Hong, Q.; Wen, S.; Zhou, Y.; Yan, C.; Shi, Y. Selective Laser Melting 316L/CuSn10 Multi-Materials: Processing
Optimization, Interfacial Characterization and Mechanical Property. J. Mater. Process Technol. 2020, 283, 116701. [CrossRef]

Wei, C.; Li, L.; Zhang, X.; Chueh, Y.H. 3D Printing of Multiple Metallic Materials via Modified Selective Laser Melting. CIRP Ann.
2018, 67, 245-248. [CrossRef]

Al-Jamal, O.M.; Hinduja, S.; Li, L. Characteristics of the Bond in Cu-H13 Tool Steel Parts Fabricated Using SLM. CIRP Ann. 2008,
57,239-242. [CrossRef]

Wei, C.; Chueh, Y.H.; Zhang, X.; Huang, Y.; Chen, Q.; Li, L. Easy-To-Remove Composite Support Material and Procedure in
Additive Manufacturing of Metallic Components Using Multiple Material Laser-Based Powder Bed Fusion. J. Manuf. Sci. Eng.
Trans. ASME 2019, 141, 071002. [CrossRef]

Terrazas, C.A.; Gaytan, S.M.; Rodriguez, E.; Espalin, D.; Murr, L.E.; Medina, F.; Wicker, R.B. Multi-Material Metallic Structure
Fabrication Using Electron Beam Melting. Int. |. Adv. Manuf. Technol. 2014, 71, 33-45. [CrossRef]

McDonnell, B.; Errico, V.; Posa, P.; Angelastro, A.; Furman, A.; O’'Hara, E.; Campanelli, S.L.; Harrison, N. Bi-Metallic Lattice
Structures Manufactured via an Intralayer Multi-Material Powder Bed Fusion Method. Addit. Manuf. 2024, 89, 104301. [CrossRef]
Roach, D.J.; Hamel, C.M.; Dunn, C.K.; Johnson, M.V.; Kuang, X.; Qi, H.J. The M4 3D Printer: A Multi-Material Multi-Method
Additive Manufacturing Platform for Future 3D Printed Structures. Addit. Manuf. 2019, 29, 100819. [CrossRef]

Benyahia, K.; Seriket, H.; Prod’hon, R.; Gomes, S.; André, J.C.; Qi, H.J.; Demoly, F. A Computational Design Approach for
Multi-Material 4D Printing Based on Interlocking Blocks Assembly. Addit. Manuf. 2022, 58, 102993. [CrossRef]

Chueh, Y.H.; Zhang, X.; Ke, J.C.R.; Li, Q.; Wei, C.; Li, L. Additive Manufacturing of Hybrid Metal/Polymer Objects via
Multiple-Material Laser Powder Bed Fusion. Addit. Manuf. 2020, 36, 101465. [CrossRef]

Ritchie, R.O. The Conflicts between Strength and Toughness. Nat. Mater. 2011, 10, 817-822. [CrossRef] [PubMed]

Rocha, V.G.; Saiz, E.; Tirichenko, 1.S.; Garcia-Tufién, E. Direct Ink Writing Advances in Multi-Material Structures for a Sustainable
Future. J. Mater. Chem. A Mater. 2020, 8, 15646—15657. [CrossRef]

Czerwinski, F. Current Trends in Automotive Lightweighting Strategies and Materials. Materials 2021, 14, 6631. [CrossRef]
[PubMed]

Shukla, R.; Yadav, M.K; Madruga, L.Y.C.; Jayaraj, J.; Popat, K.; Wang, Z.; Xi, L.; Prashanth, K.G. A Novel Ti-Eggshell-Based
Composite Fabricated by Combined Additive Manufacturing-Powder Metallurgical Routes as Bioimplants. Ceram. Int. 2025, 51,
6281-6291. [CrossRef]

Singh, N.; Hameed, P.; Ummethala, R.; Manivasagam, G.; Prashanth, K.G.; Eckert, J. Selective Laser Manufacturing of Ti-Based
Alloys and Composites: Impact of Process Parameters, Application Trends, and Future Prospects. Mater. Today Adv. 2020,
8, 100097. [CrossRef]

Kumar, D.; Shankar, G.; Prashanth, K.G.; Suwas, S. Control of Texture and Microstructure in Additive Manufacturing of Stainless
Steel 316 L. J. Alloys Compd. 2023, 976, 173040. [CrossRef]

Kumar, D.; Shankar, G.; Prashanth, K.G.; Suwas, S. Texture Dependent Strain Hardening in Additively Manufactured Stainless
Steel 316L. Mater. Sci. Eng. A 2021, 820, 141483. [CrossRef]

Kumar, D.; Jhavar, S.; Arya, A.; Prashanth, K.G.; Suwas, S. Mechanisms Controlling Fracture Toughness of Additively Manufac-
tured Stainless Steel 316L. Int. J. Fract. 2021, 235, 61-78. [CrossRef]

Zhao, C.; Wang, Z.; Li, D.; Kollo, L.; Luo, Z.; Zhang, W.; Prashanth, K.G. Cu-Ni-Sn Alloy Fabricated by Melt Spinning and
Selective Laser Melting: A Comparative Study on the Microstructure and Formation Kinetics. J. Mater. Res. Technol. 2020, 9,
13097-13105. [CrossRef]

Karimi, J.; Suryanarayana, C.; Okulov, I.; Prashanth, K.G. Selective Laser Melting of Ti6Al4V: Effect of Laser Re-Melting. Mater.
Sci. Eng. A 2020, 805, 140558. [CrossRef]



J. Compos. Sci. 2025, 9, 80 130f 14

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Prashanth, K.G.; Damodaram, R.; Maity, T.; Wang, P.; Eckert, J. Friction Welding of Selective Laser Melted Ti6Al4V Parts. Mater.
Sci. Eng. A 2017, 704, 66-71. [CrossRef]

Karimi, J.; Kollo, L.; Prashanth, K.G. Tailoring Anisotropy and Heterogeneity of Selective Laser Melted Ti6Al4V Alloys. Trans.
Indian Natl. Acad. Eng. 2023, 8, 245-251. [CrossRef]

Wang, F.; Mei, J.; Wu, X. Direct Laser Fabrication of Ti6Al4V /TiB. ]. Mater. Process Technol. 2008, 195, 321-326. [CrossRef]

Liu, S.; Shin, Y.C. Additive Manufacturing of Ti6Al4V Alloy: A Review. Mater. Des. 2019, 164, 107552. [CrossRef]

Yadroitsava, I.; Grewar, S.; Hattingh, D.; Yadroitsev, I. Residual Stress in SLM Ti6 Al4V Alloy Specimens. In Materials Science
Forum; Trans Tech Publications Ltd.: Wollerau, Switzerland, 2015; Volume 828-829, pp. 305-310. [CrossRef]

Onuike, B.; Bandyopadhyay, A. Additive Manufacturing of Inconel 718—Ti6Al4V Bimetallic Structures. Addit. Manuf. 2018, 22,
844-851. [CrossRef]

Wang, Z.; Xie, M.; Li, Y.; Zhang, W.; Yang, C.; Kollo, L.; Eckert, J.; Prashanth, K.G. Premature Failure of an Additively Manufactured
Material. NPG Asia Mater. 2020, 12, 30. [CrossRef]

Zhao, C.; Wang, Z.; Li, D.; Kollo, L.; Luo, Z.; Zhang, W.; Prashanth, K.G. Selective Laser Melting of Cu-Ni-Sn: A Comprehensive
Study on the Microstructure, Mechanical Properties, and Deformation Behavior. Int. J. Plast. 2021, 138, 102926. [CrossRef]
Jung, H.Y.; Choi, S.J.; Prashanth, K.G.; Stoica, M.; Scudino, S.; Yi, S.; Kiihn, U.; Kim, D.H.; Kim, K.B.; Eckert, J. Fabrication of
Fe-Based Bulk Metallic Glass by Selective Laser Melting: A Parameter Study. Mater. Des. 2015, 86, 703-708. [CrossRef]

Zhao, C.; Wang, Z; Li, D.; Xie, M.; Kollo, L.; Luo, Z.; Zhang, W.; Prashanth, K.G. Comparison of Additively Manufacturing
Samples Fabricated from Pre-Alloyed and Mechanically Mixed Powders. J. Alloys Compd. 2020, 830, 154603. [CrossRef]
Bedmar, J.; Riquelme, A.; Rodrigo, P; Torres, B.; Rams, . Comparison of Different Additive Manufacturing Methods for 316L
Stainless Steel. Materials 2021, 14, 6504. [CrossRef]

Chen, S.; Ma, G.; Wu, G.; Godfrey, A.; Huang, T.; Huang, X. Strengthening Mechanisms in Selective Laser Melted 316L Stainless
Steel. Mater. Sci. Eng. A 2022, 832, 142434. [CrossRef]

Suryawanshi, J.; Prashanth, K.G.; Ramamurty, U. Mechanical Behavior of Selective Laser Melted 316L Stainless Steel. Mater. Sci.
Eng. A 2017, 696, 113-121. [CrossRef]

Zhang, S.Y.; Compagnon, E.; Godin, B.; Korsunsky, A.M. Investigation of Martensite Transformation in 316L Stainless Steel. In
Proceedings of the Materials Today: Proceedings; Elsevier Ltd.: Amsterdam, The Netherlands, 2015; Volume 2, pp. S251-5260.
Zhai, W.; Zhu, Z.; Zhou, W.; Nai, S.M.L.; Wei, ]. Selective Laser Melting of Dispersed TiC Particles Strengthened 316L Stainless
Steel. Compos. B Eng. 2020, 199, 108291. [CrossRef]

Brytan, Z. Comparison of Vacuum Sintered and Selective Laser Melted Steel AISI 316L. Arch. Metall. Mater. 2017, 62, 2125-2131.
[CrossRef]

Wang, C.; Lin, X,; Wang, L.; Zhang, S.; Huang, W. Cryogenic Mechanical Properties of 316L Stainless Steel Fabricated by Selective
Laser Melting. Mater. Sci. Eng. A 2021, 815, 141317. [CrossRef]

Shamsujjoha, M.; Agnew, S.R.; Fitz-Gerald, ].M.; Moore, W.R.; Newman, T.A. High Strength and Ductility of Additively
Manufactured 316L Stainless Steel Explained. Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 2018, 49, 3011-3027. [CrossRef]
Li, Z.; Yang, Z.; Liu, B,; Yang, S.; Kuai, Z.; Li, ].; Li, H.; Chen, Y.; Wu, H.; Bai, P. Microstructure and Mechanical Properties of
CNC-SLM Hybrid Manufacturing 316L Parts. |. Manuf. Process 2022, 79, 432—-441. [CrossRef]

Tang, S.H.; Cheng, C.W.; Yeh, R.Y.; Hsu, R.Q. Direct Joining of 3D-Printed Thermoplastic Parts to SLM-Fabricated Metal Cellular
Structures by Ultrasonic Welding. Int. |. Adv. Manuf. Technol. 2018, 99, 729-736. [CrossRef]

Yang, E.; Leary, M.; Lozanovski, B.; Downing, D.; Mazur, M.; Sarker, A.; Khorasani, A.M.; Jones, A.; Maconachie, T.;
Bateman, S.; et al. Effect of Geometry on the Mechanical Properties of Ti-6Al-4V Gyroid Structures Fabricated via SLM: A
Numerical Study. Mater. Des. 2019, 184, 108165. [CrossRef]

Ge, J.; Huang, J.; Lei, Y.; O'Reilly, P.; Ahmed, M.; Zhang, C.; Yan, X.; Yin, S. Microstructural Features and Compressive Properties
of SLM Ti6Al4V Lattice Structures. Surf. Coat. Technol. 2020, 403, 126419. [CrossRef]

Moniruzzaman, M.; O'neal, C.; Bhuiyan, A.; Egan, PF. Design and Mechanical Testing of 3d Printed Hierarchical Lattices Using
Biocompatible Stereolithography. Designs 2020, 4, 22. [CrossRef]

Mulhi, A.; Dehgahi, S.; Waghmare, P.; Qureshi, A. Dimensional Assessment of Uniformly Periodic Porosity Primitive TPMS
Lattices Using Additive Manufacturing Laser Powder Bed Fusion Technique. Int. |. Adv. Manuf. Technol. 2023, 124, 2127-2148.
[CrossRef]

De Wild, M.; Ghayor, C.; Zimmermann, S.; Riiegg, J.; Nicholls, E; Schuler, F.; Chen, T.H.; Weber, FE. Osteoconductive Lattice
Microarchitecture for Optimized Bone Regeneration. 3d Print. Addit. Manuf. 2019, 6, 40—49. [CrossRef]

Guo, RF; Wang, Y.; Shen, P; Shaga, A.; Ma, Y.H.; Jiang, Q.C. Influence of Matrix Property and Interfacial Reaction on the
Mechanical Performance and Fracture Mechanism of TiC Reinforced Al Matrix Lamellar Composites. Mater. Sci. Eng. A 2020,
775,138956. [CrossRef]

Xiong, B.; Zheng, F.; Cheng, D.; Zhu, Q.; Niu, Z.; Wang, Z.; Chen, Y.; Li, Y,; Liu, Z.; Wang, Z.; et al. Interfacial Reaction Induced
Mechanical Behaviors in Graphene Reinforced Nb/Nb5Si3 Composites. Mater. Today Commun. 2024, 39, 109014. [CrossRef]



J. Compos. Sci. 2025, 9, 80 14 0f 14

101.

102.

103.

104.

105.

Bai, Y;; Zhou, J.; Zhao, C.; Yun, K.; Qi, L. Inhibition of Interfacial Reaction and Enhancement of Mechanical Properties of CF/Al
Composite. Mater. Charact. 2024, 216, 114258. [CrossRef]

Liu, Z; Bao, J.; Hu, W.; Yan, H. Microstructure, Interfacial Reaction Behavior, and Mechanical Properties of Ti3AlC2 Reinforced
Al6061 Composites. Trans. Nonferrous Met. Soc. China 2024, 34, 2756-2771. [CrossRef]

Jiang, J.; Wang, Y.; Yang, L.; Jia, Q.; Zhang, Y.; Li, M.; Zhang, X.; Kong, X.; Zhang, G.; Yang, Q.; et al. Interfacial Reaction and Matrix
Microstructure Evolution of SiCf/Ti2AINb Composites Induced by Hot Isostatic Pressing. J. Alloys Compd. 2024, 1008, 176554.
[CrossRef]

Wang, X.; Wang, Y.; Zhang, T.; Liu, X. Flash Joining of C/C Composite with Ag-Cu-Ti Filler by Spark Plasma Sintering: The
Promoting and Inhibiting Effects on the Interfacial Reactions. Ceram. Int. 2024. in press. [CrossRef]

Hu, Q.; Chen, H.; Fu, W,; Zhou, L.; Deng, Y. Effect of Titanium Element on the Interfacial Reactions and Properties of B4C/Al
Composites Fabricated by Selective Laser Melting. Mater. Chem. Phys. 2025, 333, 130385. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.



Publication V

M.K. Yadav, K. Praveenkumar, R.H. Shukla, S. Nilawar, C.S. Perugu, K. Chatterjee,
S. Suwas, J. Jayaraj, K.G. Prashanth, Novel partially biodegradable Ti-6Al-4V/Zn
composites fabricated through hybrid additive manufacturing and powder metallurgy,
Advanced Light Materials 1 (2026) 1-18. https://doi.org/10.1016/j.almate.2026.03.001

195






Advanced Light Materials 1 (2026) 1-18

KeAi

Contents lists available at ScienceDirect

Advanced Light

Materials

KeAi

CHINESE ROOTS
GLOBAL IMPACT

Advanced Light Materials

journal homepage: www.keaipublishing.com/en/journals/almate/

Novel partially biodegradable Ti-6Al-4V/Zn composites fabricated through | &

Check for

hybrid additive manufacturing and powder metallurgy

Mayank Kumar Yadav®, K. Praveenkumar®, Riddhi Hirenkumar Shukla®, Sagar Nilawar®, _
Chandra Sekhar Perugu®, Kaushik Chatterjee?, Satyam Suwas®, J. Jayaraj"¢, K.G. Prashanth™""*

? Department of Mechanical and Industrial Engineering, Tallinn University of Technology, Ehitajate tee 5, Tallinn 19086, Estonia

® Faculty of Materials Science and Technology, VSB-Technical University of Ostrava, 17. listopadu 2172/15, Ostrava 70 800, Czech Republic

© Multifunctional Materials Manufacturing Laboratory, Wolfson School of Mechanical, Electrical and Manufacturing Engineering, Loughborough University, Loughborough
LE11 3TU, UK

d Department of Materials Engineering, Indian Institute of Science, Bangalore 560012, India

© Emerging Nanoscience Research Institute (EnRI) Nanyang Technological University, 50 Nanyang Avenue, 639798, Singapore

f Materials Technology, School of Information and Engineering, Dalarna University, Falun, Sweden

& Department of Mechanical and Materials Engineering, Karlstad University, Karlstad SE-65188, Sweden

1 Department of Biosciences, Saveetha School of Engineering, Saveetha Institute of Medical and Technical Sciences, Chennai 602117, India

! National Engineering Research Center of Near-net-shape Forming for Metallic Materials, South China University of Technology, Guangzhou 510641, China

ARTICLE INFO ABSTRACT

This study reports the development of a Ti6A14V-Zn metallic bi-metal composite (Ti64-Zn MBMC) engineered for
biodegradable biomedical applications. The composite features a continuous additively manufactured (AM) Ti64
hexagonal lattice that provides a three-dimensional structural framework, while Zn infiltrates and occupies the
interconnected pore network. Fabrication was achieved through a hybrid route combining AM and powder
metallurgy, wherein the Ti64 lattice was first produced by AM, followed by Zn incorporation and consolidation
via spark plasma sintering. The tomography results reveal that the composite consists of approximately 27%
Ti64 reinforcement phase and 73% Zn matrix phase, confirming successful introduction of Zn within the ar-
chitected Ti64 honeycomb scaffold. Microstructural characterization confirmed a crack-free interface with no
detectable interfacial reactions between Ti64 and Zn. The Ti64-Zn MBMC exhibited a compressive strength of
292 + 25MPa, surpassing that of both pure Zn and the Ti64 lattice. Potentiodynamic polarization in simulated
body fluid (SBF) revealed corrosion behavior comparable to pure Zn, with post-corrosion microscopy showing
selective dissolution of Zn while Ti64 struts remained intact. In-vitro biodegradation tests indicated an initial
degradation rate of 0.1577 mm/year in SBF. Cytocompatibility assessments using MC3T3-E1 pre-osteoblasts
demonstrated healthy cell proliferation in media conditioned with composite leachates. Collectively, these re-
sults establish the Ti64-Zn MBMC as a promising candidate for next-generation biodegradable implants and
tissue-engineering scaffolds.

Keywords:

Metallic Bi-metal composite
Additive manufacturing
Spark plasma sintering
Biodegradation

In-vitro biocompatibility

1. Introduction steel (SS), and cobalt-chromium (CoCr) alloys are the most established

choices in clinical practice [6-10]. However, their significantly higher

The growing demand for bone implants, driven largely by an aging
global population, has intensified efforts to develop reliable, bio-
compatible materials that closely replicate the mechanical and biolo-
gical characteristics of natural bone [1]. Metallic implants remain
widely used due to their superior mechanical performance, including
high fracture toughness, excellent fatigue resistance, and good ma-
chinability [2-5]. Among these, titanium (Ti) and its alloys, stainless

Peer review under responsibility of Editorial Office of Advanced Light Materials

stiffness compared to bone, combined with their non-degradable
nature, can lead to long-term complications such as implant failure and
the need for revision surgeries. A major concern is stress shielding, a
phenomenon in which the stiffer implant absorbs a disproportionate
share of the mechanical load, thereby reducing the stress transmitted to
the surrounding bone [11-13]. Because bone remodels in response to
mechanical stimuli, insufficient loading can trigger bone resorption and
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loss of bone density, resulting in implant loosening and failure [14].
Although the precise mechanical cues governing this process remain
under debate, parameters such as stress, strain, and strain energy
density are commonly used to evaluate the severity of stress shielding
[15]. To address the limitations of conventional metallic implants, two
major strategies have gained prominence: the design of porous metallic
scaffolds and the development of biodegradable metallic systems
[16-18]. Introducing controlled porosity enables tailoring of the im-
plant’s elastic modulus, thereby mitigating stress shielding while si-
multaneously promoting bone ingrowth and long-term fixation through
mechanical interlocking. Studies indicate that pore sizes around 300 pm
are optimal for facilitating bone tissue infiltration and fluid transport
[19,20]. However, increasing porosity typically compromises mechan-
ical integrity, particularly fatigue resistance [15,21]. For example,
Wang et al [22]. demonstrated that a TiNbZr alloy with 74% porosity
exhibited a compressive strength below 50 MPa, whereas reducing
porosity to 42% increased strength to approximately 500 MPa.

Biodegradable metallic implants represent another promising pathway
for achieving biocompatibility and bioactivity while maintaining adequate
mechanical performance. Magnesium (Mg), zinc (Zn), and iron (Fe) are
the leading candidates in this category [23-25]. Mg is especially attractive
due to its high specific strength and an elastic modulus of 41 GPa, which
closely matches that of natural bone [26-28]. Nevertheless, its rapid
corrosion in physiological environments leads to excessive Mg* release,
premature loss of mechanical integrity, and the formation of hydrogen gas
pockets that can impede bone regeneration [29-31]. Fe and its alloys also
exhibit biodegradability but corrode too slowly for most clinical applica-
tions due to the formation of a stable passive oxide layer [32,33]. This
slower degradation is attributed to the formation of a stable oxide layer,
which limits the dissolution rate. Studies on Fe-based stents have reported
incomplete corrosion over extended periods, emphasizing the need for
alloying strategies to enhance degradation rates [32]. Prolonged persis-
tence of Fe-based implants has been reported in stent applications, high-
lighting the need for alloying strategies to accelerate degradation. Ad-
ditionally, the ferromagnetic nature of Fe complicates magnetic resonance
imaging (MRI), limiting its clinical utility [23]. Among biodegradable
metals, Zn has emerged as a particularly compelling option due to its
moderate degradation rate, favorable biocompatibility, and ability to
support bone regeneration [34-37]. As an essential trace element involved
in DNA synthesis, apoptosis regulation, and enzymatic activity, Zn plays a
vital physiological role, with recommended daily intakes of 11 mg/day for
men and 8 mg/day for women [32,38]. However, despite its biological
advantages, the mechanical strength of pure Zn remains insufficient for
load-bearing orthopedic applications [39,40].

To address these challenges, researchers have increasingly focused
on developing next-generation metallic implants known as inter-
penetrating phase composites (IPCs). IPCs are a unique class of multi-
material composites in which at least one phase forms a topologically
continuous network, while the second phase is uniformly distributed
throughout the structure [41]. A key advantage of IPCs is their inherent
structural redundancy: even if one phase undergoes degradation, the
remaining continuous phase can maintain mechanical integrity and
load-bearing capability [42-45]. Drawing inspiration from natural
materials, bio-inspired IPC architectures have been proposed to en-
hance strength, toughness, and damage tolerance [46-48]. Although
such architectures have been successfully realized in polymer-based
systems due to their fabrication flexibility [49-51], replicating similar
complex designs in metallic systems remains a significant challenge.

Additive manufacturing (AM) offers a promising pathway for pro-
ducing intricate metallic architectures with controlled porosity and
geometry mimicking biological structures [52-56]. By enabling layer-
by-layer fabrication, AM allows tailoring pore size, shape, and inter-
connectivity to match the mechanical, and biological requirements of
load-bearing implants. This level of architectural control is difficult to
achieve with conventional manufacturing routes and makes AM parti-
cularly well suited for creating biomimetic scaffolds that balance
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mechanical strength, permeability, and tissue-integration potential
[57-61]. However, the development of multi-phase IPCs via AM is still
in its early stages, as most efforts have focused on single-material or
single-alloy systems, and integrating multiple metallic phases sub-
stantially increases processing complexity. This study introduces a vi-
able strengthening strategy by integrating a Ti64 structural framework
with Zn to create a Ti64-Zn MBMC using a hybrid AM and PM ap-
proach, following a design philosophy analogous to IPCs. Based on the
fabrication routes and phase topologies, MBMCs can be clearly dis-
tinguished from IPCs. IPCs are defined as bi-continuous composites in
which both constituent phases form fully interconnected three-dimen-
sional networks and are independently load-bearing. Scientifically, IPCs
represent a class of heterogeneous materials composed of multiple to-
pologically continuous, 3D-interconnected phases that mutually inter-
penetrate. Such systems are typically achieved through infiltration-
based approaches, where a secondary phase penetrates a pre-existing
porous precursor matrix, resulting in genuine three-dimensional inter-
connectivity of both phases. In contrast, when the secondary phase is
introduced into the precursor matrix via powder metallurgy-based
consolidation routes, such as pressureless sintering, SPS, hot pressing,
or extrusion, the processing mechanism differs fundamentally from
infiltration. In these cases, the added phase does not interpenetrate the
matrix in a topological sense but is externally incorporated and con-
solidated, akin to conventional composite processing. Consequently,
such materials do not strictly meet the architectural and fabrication
criteria of IPCs and may instead be classified as metallic multimaterials.
When only two metallic phases are involved, these systems may be
more specifically described as metallic bimaterials; accordingly, when
both the matrix and reinforcement are metallic, the composite is cate-
gorized as an MBMC 17951[41,62].

In the present study a Ti64 hexagonal honeycomb structure with
continuous walls was fabricated to encapsulate Zn within its inter-
connected porous network [63]. The continuous-wall architecture was
specifically selected to ensure structural integrity, enhance load
transfer, and enable effective Zn retention throughout the composite.
Inspired by natural bee-comb geometries, the honeycomb design offers
an exceptional strength-to-weight ratio, superior energy absorption,
and high structural stability [64,65]. Its interconnected hexagonal to-
pology promotes efficient load distribution, improves impact resistance,
and minimizes material usage while maintaining mechanical robustness
[64-67]. Although honeycomb structures have traditionally been em-
ployed in engineering applications for their energy-absorbing and
structural efficiency [68,69], they have recently gained traction in
biomedical implant design due to their biomechanical relevance
[70,71]. The hexagonal honeycomb geometry closely mimics the load-
transfer behavior of trabecular bone, providing an advantageous bal-
ance between stiffness and strength [72]. Compared with rod-based
lattices, continuous-wall honeycomb architectures exhibit enhanced
stability, reduced susceptibility to localized failure, and maintain in-
terconnected porosity conducive to bone ingrowth and nutrient trans-
port. Furthermore, their inherent mechanical anisotropy, characterized
by higher stiffness and strength along the primary loading direction,
can be strategically leveraged to achieve load-bearing capability while
reducing the effective modulus in non-critical directions, thereby mi-
tigating stress shielding. These attributes make honeycomb archi-
tectures particularly suitable for partially biodegradable load-bearing
implants, motivating their selection in the present work.

Although the present work incorporates the non-degradable Ti64
alloy, the goal is not complete implant resorption but the development
of a partially biodegradable system. By combining the excellent bio-
compatibility and mechanical robustness of Ti64 with the controlled
biodegradability of Zn, this study aims to engineer a Ti64-Zn MBMC
with a bio-inspired architecture that balances long-term structural
stability with localized, time-dependent degradation. In this design, Zn
functions as a sacrificial phase that gradually dissolves in vivo, facil-
itating bone ingrowth, enhancing biological fixation, and reducing
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Table 1
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Optimized process parameters used to fabricate Ti6Al4V-Zn metallic bi-metal composites using the combination of additive manufacturing and spark plasma sin-

tering processes.

Selective laser melting (SLM) parameters

Laser power (W) Laser scan rate (mm/sec)
Ti64 Bulk 400 1000 0.12
Ti64 Hexagons 400 1000 0.12

Hatch distance (mm)

Layer thickness (mm) Energy density (J/mm?®)
0.05 66.67
0.05 66.67

Spark plasma sintering (SPS) parameters

Sintering temperature ('C)
Pure Zinc 300
Ti64-Zn (MBMC) 375

Holding time (min) Compaction load (MPa)
10 50
30 50

stress shielding, while the Ti64 framework ensures sustained mechan-
ical support. The architected hexagonal Ti64 structure further reduces
the effective elastic modulus of the composite, bringing it closer to that
of natural bone and thereby mitigating stress-shielding-induced bone
resorption. This strategy provides a synergistic combination of me-
chanical reliability and controlled biodegradation, minimizes compli-
cations associated with fully degradable implants, and reduces the
likelihood of revision surgeries.

2. Materials and methods
2.1. Development of Ti64 hexagonal lattice

The Ti64 honeycomb structure was fabricated using a laser powder bed
fusion (LPBF) process, also referred to as selective laser melting (SLM).
Fabrication was carried out on an SLM280 system (SLM Solutions GmbH,
Liibeck, Germany) using commercially available gas-atomized Ti64
powder. The optimized LPBF processing parameters are summarized in
Table 1. Printing was performed on a Ti-based substrate under an argon
atmosphere to prevent oxidation. To reduce thermal gradients and miti-
gate residual stresses associated with rapid solidification, a 90° hatch ro-
tation strategy was applied between successive layers. Following fabrica-
tion, the AM Ti64 hexagonal lattice was manually filled with spherical Zn
powder and placed inside a 20 mm diameter graphite die. Consolidation
was performed using spark plasma sintering (SPS) in an HPD 10-GB
system (FCT System GmbH, Effelder-Rauenstein, Germany). A 0.5 mm
thick graphite spacer sheet was inserted between the metallic sample and
the die to prevent undesired bonding during sintering. The optimized SPS
parameters are also listed in Table 1.

2.2. Structural and microstructural characterization

The phase composition of the feedstock powder and consolidated com-
posites was examined using X-ray diffraction (XRD) (Rigaku SmartLab)
equipped with Cu-Ka radiation (A = 1.5406 A). Scans were conducted in
Bragg-Brentano geometry over a 20 range of 30°-80°, with a scan rate of 3°/
min and a step size of 0.01°. For microstructural characterization, including
scanning electron microscopy (SEM) and electron backscatter diffraction
(EBSD), samples were prepared following standard metallographic proce-
dures. After mounting, the specimens were sequentially ground up to 4000
grit and subsequently electropolished. The Zn rich regions were electro-
polished at 20V for 35 s using an electrolyte composed of orthophosphoric
acid and ethanol in a 3:5 ratio to achieve a mirror-like finish. The Ti64 rich
regions were electropolished using a standard A3 electrolyte for 20s, fol-
lowed by rinsing in deionized water. SEM observations were performed
using a Zeiss Gemini SEM 450 equipped with an EDAX EBSD detector.

2.3. Mechanical testing

The surface hardness of all samples was measured using a Vickers
micro-indentation tester (Future-Tech FM-810, Future Tech GmbH) with a

0.1kgf load and a dwell time of 10s. Compressive strength testing was
conducted at room temperature using an Instron 5567 screw-driven uni-
versal testing machine, operated at a constant strain rate of 10~ 3/s.

2.4. Corrosion and biological characterization

The invitro biodegradation behavior of the composite was assessed by
immersing samples in SBF for 7, 14, and 21 days. The SBF solution was
prepared following the procedure described in [73]. Prior to immersion, all
samples were polished using the procedure outlined earlier and ultrasonicated
for 30 min to remove surface contaminants. The specimens were then in-
cubated at 37 °C in a 5% CO, environment for the designated durations. After
immersion, samples were cleaned in a 200 g/L CrO, solution for 10 min to
remove surface oxides and corrosion products, followed by ultrasonic cleaning
in alcohol for 30 min. After drying, mass loss was recorded to determine the
degradation rate. The surface morphology of the degraded samples was also
examined to evaluate structural changes induced by immersion.

Electrochemical corrosion behavior of the Ti64-Zn MBMC, SPS Zn,
and SLM Ti64 was evaluated using a standard three-electrode cell
connected to a potentiostat (C.H. Instruments, CHI604E, Texas, USA). A
standard calomel electrode (SCE) and a platinum electrode served as
the reference and counter electrodes, respectively, while the polished
composite samples (exposed area: 1cm?) acted as the working elec-
trode. SBF was used as the electrolyte to simulate physiological con-
ditions. Potentiodynamic polarization (PDP) tests were conducted over
a potential range of —2000 mV to + 2000 mV vs. SCE at a scan rate of
1 mV/s. All electrochemical measurements were performed in triplicate
to ensure reproducibility. Following PDP testing, samples were cleaned
according to ISO 8407:2009 and examined using scanning electron
microscopy (Zeiss Gemini SEM 450) to analyze corrosion morphology.

Cytotoxicity of the developed Ti64-Zn MBMC, SPS Zn, and SLM Ti64
samples was evaluated using an indirect method with MC3T3-E1 subclone
4 mouse calvarial pre-osteoblast cells. The cell line was originally sourced
from the American type of culture collection (ATCC, USA; catalogue
number CRL-2593) and supplied by Chromachemie laboratory private
limited, India. Disc-shaped samples (20 mm diameter, 2mm thickness)
were uniformly polished, sterilized in ethanol, and exposed to UV radiation
for 1 h. Residual ethanol was removed by washing the samples three times
with phosphate-buffered saline (PBS) containing 1% antibiotics. Because
Zn undergoes degradation in aqueous media, the cellular response to ma-
terial leachates was assessed using a conditioned medium. Sterilized sam-
ples were incubated in complete culture medium (a-MEM supplemented
with 10% fetal bovine serum (FBS, Gibco, Life Technologies) and 1% an-
tibiotics (Sigma Aldrich)) at 37 °C and 5% CO, for 24 h and 72h, using a
fixed medium volume of 15pL/mm? After incubation, the conditioned
medium was centrifuged at 5000 rpm for 20 min to remove debris.

MG3T3-E1 cells were seeded in 48 well plates at a density of 3 times 10°
cells per well and allowed to adhere for 24 h. The culture medium was then
replaced with either undiluted conditioned medium (1x, 100%) or an 8x
dilution (12.5% conditioned medium supplemented with complete medium),
and cells were incubated for an additional 24h and 72h. Fresh medium
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Fig. 1. Schematic illustration of Ti6Al4V-zinc (Ti64-Zn) metallic bi-metal composite (MBMC) manufacturing process in two different steps. Step 1 involves the
development of bio-inspired Ti64-based hexagonal lattice architecture using a laser powder bed fusion process. Step 2 involves addition of Zn powder to the
hexagonal lattice within a graphite die, followed by spark plasma sintering at optimized temperature and pressure resulting in the development of Ti64-Zn MBMCs.

served as the positive control. After 1 and 3 days, the conditioned medium
was aspirated, and cells were rinsed with PBS. Cell viability was quantified
using the water-soluble tetrazolium-1 (WST-1) assay (Invitrogen) by in-
cubating cells with WST-1 reagent (1:10 dilution) for 3 h. The optical density
(OD) was measured at 440 nm using a microplate reader (Biotek Gen 5, Santa
Clara, CA, USA). The relative growth rate (RGR) was calculated as follows:

oD,
RGR = (ﬂ)qoa
ODcamml

1)
where ODggnye is the optical density of the test group and ODonror is the
optical density of the control measured using the plate reader. Data from the
WST-1 assay were analyzed using one-way analysis of variance (ANOVA)
followed by Tukey’s post-hoc test, with statistical significance set at
p < 0.05. All results are reported as mean * standard deviation from at
least four independent samples.

To further assess cell viability, a live/dead assay was performed
using Calcein-AM (Thermo Fisher Scientific, India) to stain viable cells
and Ethidium Homodimer to stain non-viable cells. Stained cells were
visualized using an inverted epi-fluorescence microscope (Olympus IX-
53, Tokyo, Japan). For cell morphology analysis, cells were fixed with

3.7% formaldehyde in PBS for 30 min at room temperature and washed
with PBS. Membrane permeabilization was achieved by incubating the
cells in 0.2% Triton X-100 (Sigma, Germany) for 8 min, followed by PBS
washing. Actin filaments were stained with 25 pg/mL Alexa Fluor 488
(Invitrogen) for 30 min at room temperature, and nuclei were coun-
terstained with 0.2 pg/mL DAPI (Invitrogen) for 3 min. The stained cells
were examined using an inverted epi-fluorescence microscope.

3. Results and discussion
3.1. Development of MBMC

MBMCs represent a specialized class of metallic multimaterials en-
gineered to integrate and enhance the distinct properties of two con-
stituent metals, thereby achieving superior overall performance. In this
study, a novel bio-inspired, partially biodegradable Ti64-Zn MBMC was
developed using a two-step advanced manufacturing strategy that com-
bines SLM and SPS [41]. The complete manufacturing workflow, along
with representative results from both AM and SPS processing, is illustrated
in Fig. 1. In Step 1, a Ti64 honeycomb-inspired hexagonal bio-architecture
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Fig. 2. Computer-aided design of the bio-inspired hexagonal lattice micro-architecture shown in two different projections: (a) Top view illustrating the overall
geometry with detailed cell and strut dimensions; (b) Isometric view providing a clearer representation of the three-dimensional structure.

was fabricated using LPBF/SLM, with the optimized printing parameters
summarized in Table 1 below. The CAD model of the hexagonal structure,
including cell geometry and strut dimensions, is shown in Fig. 2. The strut
thickness was fixed at 0.2 mm corresponding to the lower printing limit of
the machine while the distance between two parallel struts was set at
3.5mm to ensure adequate structural integrity. This reduction in strut size
was intentionally implemented to minimize the overall Ti64 volume
fraction within the composite, thereby reducing the potential for stress
shielding [74]. The outer wall of the structure was designed to be con-
tinuous to maintain mechanical stability and ensure effective retention of
Zn within the porous network [63]. In Step 2, commercially pure Zn
powder was introduced into the Ti64 hexagonal scaffold (20 mm diameter,
5mm thickness). Field-assisted spark plasma sintering (SPS), conducted
under optimized pressure, temperature, and dwell time, facilitated the
formation of the bio-inspired Ti64-Zn MBMC. The optimized SPS para-
meters [35] are listed in Table 1. For comparison, pure Zn pellets and Ti64
pellets were also fabricated using SPS and SLM, respectively, to bench-
mark the performance of the developed composite.

The architecture, phase distribution, and microstructural char-
acteristics of the Ti64-Zn MBMC were examined using 3D X-ray to-
mography (Micro-CT), as shown in Fig. 3(a,b). The reconstructed Ti64
framework, obtained by thresholding the Zn sub-volume signals, is
presented in Fig. 3(b). The resulting structure exhibits a honeycomb-
like spatial arrangement, consistent with the intended bio-inspired de-
sign despite differences in composition and local morphology. Volume-
rendering analysis revealed that the Ti64 hexagonal phase constitutes
approximately 27 + 1.5% of the total composite volume. Using the

1.638e+04
[nm]

rule of mixtures, the theoretical density of the composite was calculated
to be ~6.65 + 0.05g/cm®, which is in close agreement with the ex-
perimentally measured density of 6.63 + 0.06 g/cm® obtained via Ar-
chimedes’ method. This close agreement confirms that the composite
achieved near-full densification, corresponding to a relative density of
approximately 100%, indicating negligible porosity. As illustrated in
Fig. 3(a,b), the Ti64 phase forms a continuous three-dimensional load-
bearing framework, while Zn uniformly occupies the interconnected
lattice network. This integrated yet phase-distinct configuration sup-
ports the classification of the material as a MBMC.

3.2. Phase analysis

Fig. 4 shows the XRD patterns of SPS Zn, SLM Ti64 hexagonal
structures, and the Ti64-Zn MBMC, along with their corresponding
feedstock powders. The diffraction peaks of both Zn and Ti64 powders
confirm single-phase structures with no detectable impurities within
the resolution limits of XRD. The SLM Ti64 lattice exhibits character-
istic peaks of the a/a’ martensitic microstructure, consistent with the
rapid cooling rates inherent to the SLM process [7,75]. The SPS Zn
samples display a single-phase hexagonal close-packed (HCP) structure,
with no additional peaks corresponding to oxides or secondary phases,
indicating that oxidation was effectively suppressed during sintering. A
noticeable difference in peak intensities between Zn powder and SPS-
Zn, particularly for the most intense reflections, suggests the presence
of preferred crystallographic orientation, as reported in our earlier
work [35].

Fig. 3. Micro-computed tomography
(uCT) volume rendering of Ti6Al4V-
zinc (Ti64-Zn) metallic bi-metal com-
posite (MBMC). CT images highlighting
the volume fraction of (a) Zn in the
composite, obtained by thresholding
the sub-volume signals of Ti64 con-
stituents, and (b) bio-inspired Ti64
hexagon structure in the composite,
processed by thresholding the sub-vo-
1.638¢+04 lume signals of Zn constituents. The

[ied volume fraction of the bio-inspired
hexagonal Ti64 phase in the composite,
as determined by X-ray tomography, is
~27%.
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Fig. 4. The X-ray diffraction (XRD) patterns of feed stock powders zinc (Zn)
and Ti6Al4V (Ti64), spark plasma sintered Zn, selective laser melted fabricated
Ti64 hexagonal lattice structure, and the Ti64-Zn metallic bi-metal composite
(MBMC) are shown. The Ti64-Zn MBMC reveals the presence of a/a’-Ti and Zn
as the primary phases, indicating the absence of interfacial reactions between
Ti64 and Zn during the fabrication process.

For the Ti64-Zn MBMC, the diffraction pattern clearly shows peaks
corresponding to HCP-Zn and the a/a’ phases of Ti. Due to the rela-
tively low volume fraction of Ti64 in the composite, the Ti peaks appear
with lower intensity compared to those in the standalone SLM Ti64
structure. Importantly, no additional peaks beyond those of Zn and a/
o’-Ti are observed within the measurable limits of XRD, confirming the
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absence of significant interfacial reactions or the formation of inter-
metallic phases during composite fabrication.

3.3. Microstructural analysis

The surface morphology and microstructural features of the Zn and
Ti64 regions within the Ti64Zn MBMC are presented in Fig. 5 and
Fig. 6. As shown in Fig. 5, the Ti64 hexagonal architecture remains
uniformly distributed throughout the composite and retains its original
lattice geometry without noticeable distortion after SPS processing,
indicating that the optimized sintering parameters are well-suited for
composite fabrication. SEM images at multiple magnifications (Fig. 5(a-
¢)) together with EDS elemental mapping (Fig. 5(d)) reveal two distinct,
well-bonded interfaces between Ti64 and Zn that are free of cracks and
pores. The EDS results further confirm the absence of interfacial reac-
tion products between the Zn matrix and the Ti64 reinforcement,
consistent with the XRD findings.

EBSD analysis of the Ti64-Zn MBMC is presented in Fig. 6. The Zn
region exhibits a bimodal grain structure composed of both coarse and
fine grains. The microstructure contains a regular distribution of large,
circular grains with relatively uniform size, some of which contain finer
grains within them, features likely corresponding to sub-grain bound-
aries. To further elucidate crystallographic orientation and grain
boundary characteristics, SEM-EBSD mapping was performed, as shown
in Fig. 6(b,c). The inverse pole figure (IPF) map reveals a predominance
of red-colored grains, indicating that the c-axes of many Zn grains are
aligned with the specimen’s normal direction. This suggests that the
basal planes {0001} are oriented nearly parallel to the polished surface.

The Ti64 region displays a fine acicular o/a’ martensitic micro-
structure, consistent with the XRD results (Fig. 6(d)). The presence of
needle-like features is attributed to the rapid cooling inherent to the SLM
process, which promotes the formation of secondary and tertiary mar-
tensite [76,77]. This microstructural evolution plays a significant role in
governing the mechanical behavior of the composite and is discussed
further in 3.4. The high cooling rates during SLM act as the driving force

2000 X

Fig. 5. (a-c) Scanning electron microscopy (SEM) images of the fabricated Ti6Al4V-zinc (Ti64-Zn) metallic bi-metal composite (MBMC). (a) SEM micrograph
depicting the surface morphology of a single hexagon unit, highlighting the positions of the matrix and reinforcement phases. (b) Higher magnification image of the
highlighted region in (a), revealing the topography at the triple junction interface. (c) High-magnification micrograph illustrating the metal-metal interface, showing
no evidence of defects like cracks. (d) Energy dispersive spectroscopy mapping of the MBMC at two different magnifications, demonstrating the elemental dis-

tribution of the matrix and reinforcement phases.
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Fig. 6. Scanning electron microscopy images, and electron backscatter diffraction analysis of (a-c) zinc (Zn) and (d-f) Ti6Al4V (Ti64) struts taken from random

regions of the Ti64-Zn metallic bi-metal composite.

for the transformation of the prior B phase into a/a laths following the
Burgers orientation relationship [78]. Additionally, the IPF map in
Fig. 6(e) shows no strong preferred orientation among the o’ laths, in-
dicating a largely random crystallographic distribution. This lack of tex-
ture likely arises from the highly dynamic thermal gradients and rapid
solidification conditions characteristic of SLM, which promote hetero-
geneous nucleation and growth of martensitic laths [79].

The kernel average misorientation (KAM) maps of the SLM Ti64 re-
gions exhibit elevated local misorientations, particularly near the inter-
faces between fine martensitic laths (Fig. 6(d-f)). The rapid and repeated
thermal cycling inherent to the SLM process promotes coarsening of the o’
martensitic laths [80]. The substantial transformation strain associated
with the B — a/a’ phase transformation leads to increased KAM values,
reflecting a high density of geometrically necessary dislocations. These
dislocations form to accommodate the transformation-induced strain
during martensite formation [81] and play a significant role in influencing
the mechanical response of the alloy. In contrast, the SPS Zn region ex-
hibits relatively uniform strain distribution within its sub-grain structure
(Fig. 6(a-c)), indicating a more homogeneous deformation behavior.

These lower KAM values indicate that only minimal plastic strain
was introduced during the SPS process. This suggests that densification
in the Zn alloy was primarily governed by diffusion-controlled me-
chanisms and grain-boundary sliding rather than dislocation-mediated
plastic deformation. The relatively low processing temperature, com-
bined with the intrinsic softness of Zn, likely facilitated stress relaxation
and limited the accumulation of geometrically necessary dislocations.
Overall, the contrast in KAM values, higher in SLM Ti64 (~4.96) and
lower in SPS Zn (~ 3.1), highlights the greater degree of localized strain
and dislocation density generated in Ti64 during rapid solidification
compared to the more uniform strain distribution in SPS-consolidated
Zn.

3.4. Mechanical properties

The mechanical properties of the Ti64-Zn MBMC were assessed
through Vickers microhardness and compression testing. Fig. 7(a-c)
shows representative Vickers indents on the Ti64 and Zn regions, along
with the corresponding hardness profile and indentation map,
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Fig. 7. Hardness plot for Ti6Al4V-zinc (Ti64-Zn) metallic bi-metal composite (MBMC). Microstructure representative the Vickers microhardness indents on (a) Ti64
and (b) Zn surface at 0.1 kgf load, (c) microstructural area displaying the indentation profile pattern followed to make the indents i.e. the approximate position of
indents over the surface of composite, and (d) hardness profile map for MBMC showing the variation in hardness over the composite surface.
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Fig. 8. Uniaxial compressive engineering stress-strain plot for Ti6Al4V-Zn
metallic bi-metal composite (MBMC) compared to selective laser melted Ti64-
Hexagon without any infiltration, and the spark plasma sintered Zn.
Representative images of the fractured samples are shown alongside their re-
spective graphs as insets.

Table 2

Comparison of compressive properties of the Ti6Al4V-zinc (Ti64-Zn) metallic
bi-metal composites, spark plasma sintered Zn, and selective laser melted Ti64
hexagonal structures.

Sample Yield compressive Ultimate compressive
composition strength (MPa) strength (MPa)

Ti64 Hexagon 165 + 2 182 + 13

Zn (SPS) 115 = 5 191 £ 6

Ti64-Zn (MBMC) 265 + 25 292 = 25

highlighting the spatial variation in hardness across the composite. The
Ti-rich regions exhibit an average hardness of 440 = 10 HVO.1,
whereas the Zn-rich regions show a significantly lower hardness of
44 + 2 HVO0.1. The dark regions observed in Fig. 7(b) arise from mi-
crostructural heterogeneity and differential reflectivity of the Zn phase
rather than from porosity. The elevated hardness of the Ti64 phase is
attributed to the presence of the o’-Ti martensitic microstructure
formed during the rapid cooling inherent to the AM process. A linear
hardness scan across multiple repeating Ti64-Zn units reveal a periodic
alternation between high- and low-hardness values, directly reflecting
the architected distribution of the Ti64 framework and Zn matrix. This
oscillatory pattern arises from the geometric periodicity and intrinsic
hardness contrast between the two phases, rather than from any
mathematically fitted sinusoidal function Fig. 7(b). Such spatially pat-
terned hardness variation is a defining characteristic of MBMCs fabri-
cated through the combined AM +PM route.

Fig. 8 shows the compressive engineering stress-strain curves of the
Ti64-Zn MBMC, along with SPS pure Zn and the AM porous Ti64 hex-
agonal lattice for comparison. The corresponding fracture surfaces are
included as insets. The Ti64-Zn MBMC exhibits a yield compressive
strength of 265 + 25MPa and an ultimate compressive strength of
292 * 25MPa, both substantially higher than those of SPS Zn and the
SLM Ti64 lattice, as summarized in Table 2. The fracture surfaces reveal
interfacial cracking between the two constituent phases, suggesting that
crack propagation is influenced by the mutual partitioning of Ti64 and
Zn. This indicates effective load sharing within the composite archi-
tecture.
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Upon implantation, the biodegradable nature of the Ti64-Zn MBMC
implies that the Zn phase will gradually degrade in physiological en-
vironments, leading to a progressive reduction in composite strength.
This degradation-induced evolution of mechanical properties, along
with the re-exposure of hexagonal pores that promote osseointegration,
is consistent with recent findings on Ti64-Zn based composite. Yu et al.
reported that Zn acts as a sacrificial, degradable phase whose dissolu-
tion during in-vitro and in-vivo studies leads to a controlled decrease in
composite stiffness, enabling gradual load transfer to the Ti64 scaffold
[34]. As Zn degrades, the previously filled pores reopen, forming in-
terconnected pathways that facilitate bone ingrowth and vasculariza-
tion, as confirmed by micro-CT and histological analyses showing en-
hanced new bone formation around the Ti64 framework [34].
Furthermore, in-vivo implantation studies demonstrated that Zn de-
gradation proceeds in synchrony with bone regeneration, allowing
newly formed bone to occupy the recovered pore spaces while the Ti64
scaffold maintains structural integrity throughout healing [82,83].
These observations provide strong experimental support for the design
rationale of the present MBMC, where controlled Zn degradation si-
multaneously reduces stiffness over time and promotes osseointegra-
tion.

The interfacial cracking observed after compression is attributed to
strain incompatibility arising from the substantial mechanical mis-
match between Ti64 and Zn, as Zn undergoes plastic deformation at
much lower stresses. Such debonding reflects damage evolution under
high compressive strain rather than inadequate initial interfacial
bonding. While limited interfacial separation can facilitate progressive
deformation and energy dissipation, excessive debonding could di-
minish load-sharing efficiency. In the present Ti64-Zn composite, the
enhanced compressive strength relative to the individual constituents
indicates that the interface remains sufficiently effective to support
cooperative deformation.

The compressive fracture morphology of the Ti64-Zn MBMC is
presented in Fig. 9. The macroscopic post-compression appearance
(Fig. 9(a)) shows shear-dominated deformation, with fracture planes
inclined at approximately 45° to the loading axis, typical of compressive
failure in metallic materials. The absence of complete disintegration
indicates that the continuous Ti64 honeycomb framework maintains
global structural integrity even beyond the peak load. As shown in
Fig. 9(b), the crack path is non-planar and slightly deflected, suggesting
mechanical interaction between the Ti64 scaffold and the Zn matrix
during deformation. The high-magnification fracture image of the Ti64-
rich region (Fig. 9(c)) reveals a well-developed dimpled surface. The
fine, equiaxed dimples confirm a ductile fracture mechanism governed
by microvoids nucleation and coalescence within the additively man-
ufactured Ti64 struts. This demonstrates that the Ti64 framework un-
dergoes localized plastic deformation prior to failure rather than brittle
cleavage, contributing to enhanced damage tolerance and preventing
abrupt structural collapse. In contrast, the Zn-rich region (Fig. 9(d))
exhibits clear evidence of void nucleation and growth, hallmarks of
ductile failure in Zn. Microvoids likely initiate at microstructural het-
erogeneities and near Ti64-Zn interfaces where stress concentrations
and strain incompatibilities arise. Progressive void growth and coales-
cence ultimately lead to localized separation within the Zn phase.
Compared with the Ti64 struts, the Zn matrix displays more pro-
nounced plastic flow, consistent with its lower strength and modulus.

The interfacial cracking observed after compression arises from the
elastic-plastic mismatch between the stiff Ti64 scaffold and the more
compliant Zn phase. Notably, this interfacial damage develops pro-
gressively rather than catastrophically, indicating that it contributes to
energy dissipation instead of triggering premature failure. The con-
tinuous Ti64 honeycomb framework effectively arrests crack propaga-
tion across the structure, thereby preserving load-bearing capacity even
after localized Zn degradation. Upon implantation, the continuous-wall
Ti64 honeycomb architecture governs load transfer by providing un-
interrupted compressive load paths along the hexagonal walls. In this
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Fig. 9. Compressive fracture morphology of the Ti6Al4V-Zn (Ti64-Zn) metallic bi-metal composite (MBMC). (a) Macroscopic view of the specimen after com-
pression, showing shear-dominated failure, (b) low-magnification scanning electron microscopy (SEM) image highlighting the crack propagation path, (c) high-
magnification SEM fracture surface of the Ti64-rich region exhibiting a dimpled morphology characteristic of ductile fracture, and (d) SEM fracture surface of the Zn-

rich region showing pronounced void nucleation and growth.

configuration, the Ti64 phase functions as a fully percolating
load-bearing framework, while the infiltrated Zn phase undergoes
constrained deformation and contributes to stiffness through co-
operative load sharing. Unlike node-based lattices, where stresses
concentrate at junctions, the planar wall continuity distributes stresses
over extended segments, reducing stress concentrations and stabilizing
the composite response. Under these conditions, the initial composite
exhibits a compressive yield strength of 265 + 25 MPa, exceeding that
of cortical bone (~100-230 MPa), ensuring sufficient early-stage me-
chanical support.

We further hypothesize that progressive Zn dissolution leads to a
gradual reduction in composite stiffness and yield strength by diminishing
the effective load-sharing area of the Zn phase and shifting stresses toward
the Ti64 walls, consistent with the observations of Yu et al. [34]. Because
the Ti64 framework remains fully continuous in three dimensions, de-
gradation does not disrupt load-path connectivity, preventing catastrophic
collapse. Even in the limiting case of complete Zn removal, the remaining
Ti64 scaffold retains a compressive yield strength of 165 * 2MPa, which
remains within the load-bearing range of cortical bone. Consequently, the
mechanical response is expected to evolve monotonically from cooperative
Ti64-Zn load sharing to Ti64-dominated load bearing as the Zn volume
fraction decreases. Simultaneously, Zn degradation reopens the originally
infiltrated hexagonal porosity, enabling bone ingrowth while the Ti64
framework preserves structural continuity. This establishes a coupled de-
gradation-regeneration mechanism in which mechanical load transfer
transitions progressively from the sacrificial Zn phase to the Ti64 skeleton
and ultimately to newly formed bone occupying the restored pore space
[82,83].

The progressive degradation or biological replacement of one phase
while maintaining overall mechanical stability is a defining character-
istic of the Ti64-Zn MBMC. This behavior is evaluated in relation to the
mechanical properties of the developed composites, summarized in
Table 3 and compared with previously reported interpenetrating and

multi-material systems fabricated through various manufacturing
routes. The comparative analysis highlights how different processing
strategies influence the mechanical response of multi-material compo-
sites. Notably, systems incorporating bio-inspired architectures such as
honeycomb, TPMS, and brick-and-mortar designs consistently demon-
strate enhanced mechanical strength, improved load distribution, and
superior energy absorption capabilities. These trends underscore the
advantages of architected multimaterials designs in achieving balanced
mechanical performance and functional adaptability.

While full fatigue testing may be beyond the scope, expected fatigue
performance is discussed based on the present experimental evidence:
The material (Ti64-Zn MBMC) would be expected to exhibit moderate
to good fatigue performance for a biodegradable load-bearing implant.
This is due to the:

e Absence of brittle intermetallics: The XRD results indicate a two-
phase Ti64-Zn system without hard, crack-susceptible intermetallic
compounds. This typically delays crack initiation under cyclic
loading and improves fatigue endurance.

Homogeneous phase distribution: A uniform microstructure reduces
local stress concentrations, which are common sites for fatigue crack
nucleation.

Lack of significant internal defects: Micro-CT analysis shows no
large pores or inclusions. Since fatigue life in titanium alloys is
strongly defect-controlled, the absence of such flaws suggests a more
stable cyclic response.

Overall, the experimental evidence suggest that the Ti64-Zn alloy
should exhibit fatigue resistance comparable to other defect-free tita-
nium-based biomaterials, with delayed crack initiation and stable cyclic
deformation behavior. While the exact fatigue limit cannot be quanti-
fied without testing, the microstructure does not present characteristics
typically associated with poor fatigue performance.
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3.5. Potentiodynamic polarization (PDP) behaviour of Ti64-Zn MBMC
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To assess the corrosion behavior of the developed composite, po-
tentiodynamic polarization (PDP) tests were conducted in simulated
body fluid (SBF) to replicate physiological conditions. The corrosion
response of the Ti64-Zn MBMC was compared with SPS Zn and SLM
bulk Ti64, which served as control samples. Fig. 10 presents the PDP
curves of Ti64-Zn MBMG, SPS Zn, and SLM Ti64, providing insight into
their electrochemical characteristics. Corrosion potential (Eco) and
corrosion current density (I.,;) were determined using the Tafel ex-
trapolation method, and the corresponding values are summarized in
Table 4. Ecop reflects the thermodynamic tendency of a material to
corrode, where a more negative E,,, indicates higher electrochemical
activity and greater susceptibility to corrosion. In contrast, I, re-
presents the kinetic rate of material degradation, with lower I, values
corresponding to improved corrosion resistance and slower dissolution.
In this study, the primary comparison focuses on the corrosion behavior
of pure Zn and the Ti64-Zn MBMC. Although Ti64 is well known for its
bio-inert and non-degradable nature, evaluating its electrochemical
response remains essential for biomedical implant applications, parti-
cularly in multi-material systems where interfacial stability and gal-
vanic interactions may influence long-term performance [89].

The bulk SLM Ti64 exhibits an Eoy of —264mV and Iy of
3.35pA/cm? values that align well with those typically reported for
Ti64 alloys. Similar E.o,, and I o, values for SLM Ti64 immersed in SBF
were also reported by Chen et al. [90]. The SPS Zn samples show an
Ecorr of —1180 mV and an I, of 0.045 nA/cm? When exposed to the
same SBF environment, the Ti64-Zn MBMC displays an Eo, of
—1185 mV, slightly more negative than that of SPS Zn, indicating a
comparable electrochemically active surface. Notably, the I.., of the
Ti64-Zn MBMC is 0.027 uA/cm?, which is lower than that of SPS Zn.
This reduced I, suggests a slower degradation rate for the composite
despite its more negative E . To further elucidate the corrosion me-
chanism and surface degradation behavior, SEM analysis was per-
formed on the tested samples.

Fig. 11 presents SEM images of the corroded Ti64-Zn MBMC and SPS
Zn samples after exposure to SBF. As established in previous studies,
bulk SLM Ti64 exhibits excellent corrosion resistance due to the for-
mation of a stable TiO, passive film that effectively suppresses pitting
and surface degradation [89,91]. Given this well documented behavior,
SEM images of Ti64 are not included. In contrast, both the Ti64-Zn
MBMC and SPS Zn samples display similar degradation features, char-
acterized by localized corrosion and variations in pit morphology, as
shown in Fig. 11. High-magnification SEM images of the Zn-rich regions
within the MBMC (Fig. 11(e,f)) reveal uniformly distributed corroded
areas accompanied by pit formation. This behavior is likely associated
with the high density of grain boundaries, which serve as energetically
favourable sites for dissolution [35]. Fig. 11(g) highlights the corroded
interface between the Ti64 and Zn phases. Notably, the Ti64 surface
remains smooth and free of visible corrosion or pitting, as confirmed by
the high-magnification image in Fig. 11(i), reinforcing its bio-inert and
passive nature. However, active corrosion is evident at the interface
(Fig. 11(g)), reaffirming its bio-inert and passive nature. However, ac-
tive corrosion is evident at the Ti64-Zn interface, driven by galvanic
coupling between the two phases. The substantial potential difference,
Ti64 at ~ —250 mV acting as the cathode and Zn at ~ —1200 mV
acting as the anode [89] creates a strong galvanic driving force that
accelerates Zn dissolution at the interface.

Ti64 exhibits excellent corrosion resistance due to the formation of a
stable TiO, passive film, as demonstrated by Chen et al. [90]. This
protective layer effectively shields the alloy surface from aggressive CI
ions present in SBF. In contrast, Zn and its alloys are more anodic and
readily undergo corrosion in chloride-containing environments, leading
to the release of Zn>* ions. Consequently, the Ti64-Zn composite shows
a lower corrosion potential (Ec.,) and a higher passivation current (1),
reflecting the electrochemical activity of the Zn phase. The formation of

Biomedical applications
Architectural design for

composite
Biomedical applications

Architectural design for

Application
composite

0.1550
0.1577

47.3

58.2 * 4.6
54.0 = 5.1
55.5 * 6.3
47 + 2
1.54 (C)
3.021 (T)

169.7 + 7.9 (UTS)
156.6 + 8.6 (UTS)
226.6 = 5 (UTS)
100 = 5 (kN)

52 = 2
265 = 25/292 * 25

91.06 + 3.21 (CYS)

YS/UTS
64/275
~210
UTS
~235
UTS

12 + 1
35 =2
70 = 4
86

123 + 34

Bio-architecture
Fish-scale-like
architectures

S. Purpuratus
Rectangular

Primitive

H. Rufescens
Lattice

Cellular

0. Scyllarus
Gyroid
Honeycomb
Wired mesh
Honeycomb
Cellular
Honeycomb

Rhombic dodecahedron
Bioinspired orthogonal
plywood

Bioinspired double-Bouligand
Brick and mortar

Rhombic dodecahedron
Continuous hexagonal wall

Bouligand
Crossed-lamaller

TPMS scaffolds
Hexagonal prism

LS

Ti woven 3D mesh + pressureless

infiltration
Ti wire + pressureless infiltration

AM + pressureless infiltration
AM + SPS

AM + pressureless infiltration

AM + SPS
AM + casting
AM + SPS

MR

System

Mg-Ti

Mg-Ti

Mg-Ti

Ti64 + CaSiO3
Mg-Ti
Ti-Eggshell
Ti64-Zn
Ti64-Zn MBMC
- Present work

*

Ti64 — Ti6A14V alloy; TPMS - Triply periodic minimal surfaces; AM — Additive Manufacturing; SPS — Spark Plasma Sintering; MR — Manufacturing route; YS/US - yield strength/ultimate strength (MPa) in compression,

Summary of multi-metallic composites fabricated using different manufacturing routes and their properties.
unless otherwise specified as tensile mode; C — Compressive mode; T — Tensile mode; LS - lattice structure; E — elastic modulus (GPa); DR - degradation rate (mm/year); Ref. — reference article

Table 3
Abbreviations:
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Fig. 10. Potentiodynamic polarisation curve of Ti6Al4V-zinc (Ti64-Zn) me-
tallic bi-metal composite (MBMC) compared to selective laser melted Ti64, and
spark plasma sintered Zn for an exposure period of 1 h in simulated body fluid.

a distinct interfacial gap likely indicates intensified ion exchange be-
tween Zn and Ti64 during galvanic coupling. Despite this, the lower
I.orr Value of the composite suggests that its overall degradation rate
remains relatively controlled, making the Ti64-Zn MBMC a promising
candidate for biomedical applications where moderate, time-dependent
degradation is desirable. The subsequent sections further examine this
behavior through detailed immersion studies, which reinforce the
trends observed in the electrochemical analysis and confirm the con-
trolled degradation characteristics of the Ti64-Zn MBMC.

3.6. In-Vitro bio-degradation analysis

The degradation behavior and rate of the Ti64-Zn MBMC were
evaluated by incubating the composite in SBF for varying durations,
with weight measurements recorded every 7 days. The biodegradation
behavior of the composite was evaluated following ASTM G31-72,
which recommends short-term immersion testing (typically 7-28 days)
for preliminary assessment of corrosion mechanisms and quantification
of degradation rates. Accordingly, the degradation performance of the
Ti64-Zn MBMC was examined by immersing samples in simulated body
fluid (SBF) for predetermined time intervals, with specimen mass re-
corded at 7-day increments to calculate the corresponding degradation
rate. For comparison, SPS Zn and bulk SLM Ti64 were also incubated
under identical conditions. During the initial stages of immersion, a
thin white layer formed uniformly on the MBMC surface. As immersion
time increased, this layer thickened and degradation products accu-
mulated unevenly, as shown in Fig. 12. After 7 days, the degradation
rate of the Ti64-Zn MBMC was calculated to be 0.1577 mm/year,
whereas SPS Zn exhibited a slightly lower rate of 0.1325 mm/year. As
expected, bulk SLM Ti64 being bio-inert showed negligible weight loss
during the same period.

Table 4
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The degradation rate of the composite is lower than that reported
for pure Mg and Mg-based composites [92,93], which is advantageous
for biomedical applications requiring controlled, moderate degrada-
tion. The slightly higher degradation rate of the MBMC compared to
SPS Zn is attributed to galvanic coupling between Ti64 and Zn, as
discussed earlier. The weaker, less stable oxide layer formed on Zn
during early immersion undergoes continuous breakdown, leading to
surface void formation and progressive dissolution. At extended im-
mersion times of 14 and 21 days, the degradation rate of the Ti64-Zn
MBMC decreases to 0.0872mm/year and 0.0845mm/year, respec-
tively. This reduction is attributed to the formation of a thicker de-
gradation layer that acts as a diffusion barrier, limiting ion exchange
between the composite and the surrounding medium. A similar trend is
observed for SPS Zn, while bulk SLM Ti64 continues to exhibit negli-
gible degradation, as summarized in Table 5.

SEM images of the Ti64-Zn MBMC surface after 21 days of immer-
sion in SBF, captured at different locations and magnifications, are
shown in Fig. 12(a-f). The overall surface morphology (Fig. 12(a)) re-
veals a uniformly distributed oxide layer, accompanied by the ag-
glomeration and accumulation of degradation products along the
composite periphery. Higher magnification images taken from the
central region and near the Ti64-Zn interface Fig. 12(b, c), show an
oxide-rich surface layer. In certain regions, circular patches are ob-
served (highlighted in yellow), as shown in Fig. 12(d). The magnified
view in Fig. 11(e) displays a regular petal-like, floral microstructure,
characteristic of apatite formation. Apatite, primarily composed of
calcium phosphate, closely resembles natural hydroxyapatite
(Ca;9(PO4)s(OH),) found in human bone [94]. Bioactive materials ty-
pically form such fine apatite crystals when exposed to physiological
environments, indicating their ability to support biological miner-
alization.

The high-magnification image in Fig. 12(f) further reveals multiple
rectangular and irregularly shaped crystals, reinforcing the likelihood
of apatite layer formation. EDS elemental maps for a single hexagonal
unit and the Ti64-Zn interface (Fig. 13(a,b)) confirm the presence of a
uniform oxide layer enriched with calcium (Ca) and phosphorus (P).
Additionally, point EDS analysis of the region shown in Fig. 12(f) yields
a Ca/P atomic ratio of 0.96. Although lower than the ideal ratio of 1.67
for stoichiometric hydroxyapatite, this value still indicates the forma-
tion of a calcium-phosphate-based apatite layer. Collectively, these
observations demonstrate that the Ti64-Zn MBMC exhibits clear
bioactivity under simulated physiological conditions.

Fig. 14(a-f) presents SEM images of the Ti64-Zn MBMC surface after
removal of the oxide film and accumulated degradation products, re-
vealing the underlying morphology of the degraded structure. The
overall view of a single hexagonal unit Fig. 14(a) shows uniform and
controlled degradation across the Zn-rich regions. A higher magnifica-
tion image of this area Fig. 14(b) highlights widespread surface dis-
solution, while Fig. 14(c) reveals deep grooves within corrosion pits,
suggesting that degradation progresses preferentially along grain
boundaries. This behavior is consistent with the higher electrochemical
activity at grain boundaries, where micro-galvanic coupling and loca-
lized electron transfer accelerate dissolution. Fig. 14(d-f) show the
Ti64-Zn interfacial region, where uneven degradation is evident. The
interfacial gap appears to have widened, indicating accelerated Zn
dissolution at the junction, while the Ti64 surface remains stable and

Polarization data of the Ti6Al4V-zinc (Ti64-Zn) metallic bi-metal composite in comparison to the spark plasma sintered Zn and selective laser melted Ti64 bulk

sample immersed in simulated body fluid for 1 h.

Samples Ecorr (mV) vs SCE Leorr (UA/cm?) I, (uA/cm?) Epp (mV) vs SCE
Ti64-Zn MBMC -1185 + 60 0.027 * 0.010 7.50 = 1.01 754 * 7
Zn (SPS) -1180 + 48 0.046 + 0.010 6.66 = 0.89 774 £ 5
Ti64 bulk (SLM) -264 + 10 3.355 + 0.600 4.68 + 0.24 429 + 7
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Fig. 11. Scanning electron microscopy images of the corroded samples following potentiodynamic polarization immersion in simulated body fluid (SBF) solution for
1h, comparing spark plasma sintered (SPS) Zn and Ti6Al4V-zinc (Ti64-Zn) metallic bi-metal composite (MBMC). (a-c) Surface morphology of SPS Zn at varying
magnifications, revealing a uniformly distributed corroded region with deep grooves inside the pits, as observed in the higher magnification images. (d-e) Surface
morphology of Ti64-Zn MBMC, displaying a complete hexagonal unit and a higher magnification image highlighting the corrosion behavior at the center of the
hexagon, away from the Ti64-rich region. (g-i) Surface morphology at the Ti64-Zn interface, showing a corrosion pattern like SPS Zn while demonstrating the

stability of Ti64 in the corrosive environment.

largely unaffected. This behavior is attributed to galvanic coupling
between the two phases, which enhances ion exchange and drives
preferential corrosion of Zn adjacent to Ti64. Similar interfacial de-
gradation patterns have been reported in other dissimilar metal sys-
tems, including Ti-Mg and Ti-Zn composites [95,96], supporting the
mechanism observed in the present study.

3.7. In-vitro cytotoxicity

The in-vitro biological evaluation of the biodegradable Ti64-Zn
MBMC was performed using an indirect cytocompatibility method, in
which the cellular response to degradation products released into the
conditioned medium was assessed. MC3T3-E1 pre-osteoblast cells were
cultured in extracts prepared according to the procedure described in
Section 2.8, and cell growth was quantified using the relative growth
rate (RGR) after 1 and 3 days of incubation. Fresh medium served as the

control, and the RGR values obtained for the composite were compared
with those of SPS Zn and SLM Ti64 under identical conditions. The
viability of MC3T3-E1 cells cultured in 1x and 8x extracts (corre-
sponding to 100% and 12.5% conditioned medium) after 1 and 3 days
is shown in Fig. 15.

Cells exposed to the 1x extract of the Ti64-Zn MBMC exhibited re-
duced viability compared with SLM Ti64, while SPS Zn showed a si-
milar response likely due to the higher Zn ion concentration in the
undiluted medium. However, upon 8-fold dilution, no cytotoxic effects
were observed, and cell viability became comparable to that of both
Ti64 and Zn. A similar trend was observed for the 72h conditioned
medium: 8x dilutions supported normal cell growth, whereas 1x ex-
tracts of both the composite and SPS Zn resulted in decreased pro-
liferation. Fig. 15(b) shows the cell proliferation after 3 days of in-
cubation. The RGR values for the 100% extracts of both 24h and 72h
conditioned media showed a marked decline. In contrast, the 8x diluted
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Fig. 12. Scanning electron microscopy images showing the surface morphology of Ti6Al4V-Zn metallic bi-metal composites after 21 days of immersion in simulated
body fluid. (a) overall surface image, (b) and (c) higher magnification images from the centre and at the interfacial region, (d) presence of circular patches on the
surface; (e) magnified view of patches showing petal-like structures suggestive of apatite layer formation. (f) High-magnification image revealing rectangular and
irregularly shaped crystals, possibly indicating the apatite crystallization.

Table 5
Table furnishing the degradation data in mm/year for Ti6Al4V-zinc (Ti64-Zn) metallic bi-metal composite, spark plasma sintered Zn, and bulk
selective laser melted Ti64 after incubating the samples in simulated body fluid as a function of varying time.

Samples After 7 days After 14 days After 21 days

Ti64-Zn (MBMC) 0.1577 = 0.0100 0.0872 + 0.0100 0.0845 * 0.0300
SPS Zn 0.1325 *+ 0.0800 0.0965 + 0.1000 0.0858 + 0.0500
SLM bulk Ti64 0 0.0072 *+ 0.0100 0.0004 * 0.0100

Fig. 13. Energy dispersive spectroscopy mapping of the Ti6Al4V-zinc (Ti64-Zn) metallic bi-metal composite surface after 21 days of immersion in simulated body
fluid. (a) Elemental distribution across a single hexagonal unit, (b) elemental mapping at the Ti64-Zn interfacial region.

13
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Fig. 14. Scanning electron microscopy images illustrating the degraded surface of the Ti6Al4V-zinc (Ti64-Zn) metallic bi-metal composite (MBMC) after removal of
the oxide film and degradation products. (a) Overall view of a single hexagonal unit, (b) a magnified image of the Zn-rich region, (c) higher magnification image
highlighting the presence of deep grooves within corrosion pits, (d-f) Ti64-Zn interface at different magnifications.
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Fig. 15. Relative growth rate measured by water-soluble tetrazolium (WST) assay for MC3T3-E1 cells cultured in 24 h and 72 h conditioned medium for (a) 1 and (b)
3 days, respectively. Cells in fresh medium were taken as the control for each day. The significance level is taken as p = 0.05, i.e., p < 0.05(*), p < 0.01 (%),
p < 0.001 (*), p < 0.0001 (*) and p > 0.05, non-significant (ns), n = 3.

extracts exhibited no cytotoxicity, and the growth rates were compar- cytotoxicity classification standards indicates that the Ti64-Zn MBMC is
able to the control group for both extraction times. Importantly, sam- non-cytotoxic [97,98].
ples incubated in 8x diluted conditioned medium for both 1 and 3 days Fig. 16 presents the Live-Dead assay results used to assess potential

demonstrated cell viability above 75%, which according to established cytotoxicity arising from the composite’s degradation products. Green
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Zn (SPS)

Control
()
24 h conditioned
medium

72 h conditioned
medium

500 pm

Fig. 16. Representative live/dead stained images of
MC3T3-E1 cells cultured in 8x diluted conditioned
medium of spark plasma sintered Zn, selective laser
melted Ti6Al4V, and Ti6Al4V-Zn metallic bi-metal com-
posites (MBMC) after 1 and 3 days of incubation. Live cells
are depicted in green while dead cells appear in red. Cells
cultured in fresh complete medium act as the control. The
scale bar is 500 pm.

Ti64-Zn

Control Zn (SPS) Ti64 (SLM)

(b)

24 h conditioned
medium

72 h conditioned
medium

500 pm

Ti64-Zn

fluorescence corresponds to live cells, while red fluorescence indicates
dead cells after 1 and 3 days of exposure to an 8-fold diluted extract. As
shown in Fig. 16(a,b), all samples exhibit only a minimal number of
dead cells at both time points, comparable to the control group, con-
firming the cytocompatibility of the Ti64Zn MBMC. Moreover,
Fig. 16(b) shows an increase in the number of live cells over time, in-
dicating continued cell proliferation. In contrast, exposure to the un-
diluted (1x) extract resulted in extensive cell detachment following cell
death, consistent with the observations from the WST assay.

To further examine cellular morphology, fluorescence microscopy
was performed at different incubation periods, and the corresponding
micrographs are shown in Fig. 17. The composite samples exhibit well-
spread cells with morphology comparable to that of the control. SPS Zn
and SLM Ti64 also demonstrate favourable cell attachment and
spreading like the MBMC. However, in the 100% conditioned medium,

both the composite and SPS Zn show signs of stressed cellular mor-
phology, likely due to the elevated concentration of Zn ions in the
undiluted extract. Overall, the results demonstrate that the Ti64-Zn
MBMC exhibits favourable cytocompatibility. Under 8x dilution, no
cytotoxic effects were observed, and cells displayed healthy prolifera-
tion and morphology comparable to the control group. At low con-
centrations, Zn* ions have been reported to enhance cellular activity in
human vascular cells [99-102]. Although Zn can modulate pro-in-
flammatory responses, it also plays an essential role in maintaining
normal immune function [103]. In contrast, exposure to the undiluted
(100%) conditioned medium resulted in reduced cell viability and clear
signs of cellular stress. Collectively, these findings confirm that the bio-
inspired, partially biodegradable Ti64-Zn MBMC exhibits excellent
biocompatibility at 8x dilution, supporting its potential for biomedical
applications.

Control

(a)
24 h conditioned
medium

72 h conditioned
medium

500 pm

Zn (SPS)

Ti64 (SLM) Ti64-Zn

I-Aeq

Control

500 pm

(b)

24 h conditioned
medium

72 h conditioned
medium

Zn (SPS)

Ti64 (SLM) Ti64-Zn

Fig. 17. Representative fluorescence images of MC3T3-E1 cells cultured in conditioned medium after 1 and 3 days of incubation, showing actin filaments (green) and

nuclei (blue). The control represents cells treated with fresh complete medium.
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4. Conclusions

This study reports the successful development of a bio-inspired,
partially biodegradable Ti64-Zn MBMC using a combined additive
manufacturing and powder metallurgy approach. The Ti64 hexagonal
lattice provides structural integrity, while the incorporated Zn phase
enables controlled degradation. Microstructural analysis confirmed a
defect-free Ti64-Zn interface with no detectable interfacial reactions,
ensuring mechanical stability. The composite achieved an ultimate
compressive strength of 292 + 25 MPa, significantly exceeding that of
pure Zn and the standalone Ti64 lattice. In-vitro biodegradation tests
revealed a degradation rate of 0.1577 mm/year, and electrochemical
analysis indicated a moderate corrosion rate governed by galvanic in-
teractions between Ti64 and Zn. Cytocompatibility studies demon-
strated healthy cell proliferation with no cytotoxic effects at optimized
dilution levels. The bio-inspired architecture further supports bone in-
growth, positioning the Ti64-Zn MBMC as a promising candidate for
next-generation biodegradable implants that effectively balance me-
chanical stability, controlled degradation, and reduced stress shielding
for biomedical applications.
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