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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 MBMC. 

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 
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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 Additive manufacturing 
AZ31 Magnesium alloy containing approximately 3 wt.% 

aluminum and 1 wt.% Zinc 
AZ91 Magnesium alloy containing approximately 9 wt.% 

aluminum and 1 wt.% Zinc 
ASTM American society for testing and materials 
BCC Body centered cubic 
BJT Binder jetting 
BOR Burger’s orientation relationship 
BSE Back-scattered electron 
CAD Computer-aided design 
CAM Computer-aided manufacturing 
CE Conformité Européenne 
CoF Coefficient of friction  
CoCrMo Cobalt chromium molybdenum alloy 
CoCr20Ni15Mo7 Cobalt-based alloy containing approximately 20 wt.% Cr, 

15 wt.% Ni, and 7 wt.% Mo 
Cp-Ti Commercial pure titanium 
CR Corrosion rate  
CYS Compressive yield strength 
DAPI 4′,6-diamidino-2-phenylindole 
DED Direct energy deposition 
Ecorr Corrosion potential 
Ebp Breakdown potential 
Epp Passivation potential 
EBM Electron beam melting 
EBSD Electron backscatter diffraction 
EDS Energy dispersive spectroscopy 
EIS Electrochemical impedance spectroscopy 
FBS Fetal bovine serum 
FCC Face centered cubic 
Fe20Mn Iron-based alloy containing approximately 20 wt.% 

manganese 
GNDs Geometrically necessary dislocations 
HAp Hydroxyapatite 
HCP Hexagonal closed packing  
HAGBs High-angle grain boundaries  
Icorr Corrosion current density 
Ip Passivation current density 
IPC Interpenetrating phase composites 
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IPF Inverse pole figure 
IQ Image quality 
KAM Kernel average misorientation 
LAGBs Low-angle grain boundaries 
LDED Laser-directed energy deposition 
LENS Laser-engineered net shaping 
LPBF Laser powder bed fusion 
MEM Minimum essential medium 
MBMC Metallic bimetal composite 
MMMs Metallic multimaterials 
NS Non-significant 
OCP Open circuit potential 
OD Optical density 
OM Optical microscopy 
PBS Phosphate buffered saline 
PCL Poly(ε-caprolactone), biodegradable polymer 
PDP Potentiodynamic polarization 
PEEK Polyetheretherketone 
PL-SPS Pressure less spark plasma sintering 
PLA Polylactic acid, biodegradable polymer 
PLGA Poly(lactic-co-glycolic acid), biodegradable polymer 
PM Powder metallurgy 
RGR Relative growth rate  
RP Rapid prototyping 
SADP Selected area diffraction pattern  
SBF Simulated body fluid 
SCE Standard calomel electrode 
SE Secondary electron 
SEM Scanning electron microscopy 
SLM  Selective laser melting 
SMAT Surface mechanical attrition treatment 
SPS Spark plasma sintering 
SS Stainless steel 
316L SS Austenitic stainless steel 316L (low carbon) 
TPMS Triply periodic minimal surfaces 
TEM Transmission electron microscopy 
Ti6Al4V Titanium alloy containing 6 wt.% aluminum and 4 wt.% 

vanadium 
Ti6Al4V ELI  Extra-Low Interstitial grade of Ti6Al4V alloy 
Ti6Al7Nb Titanium alloy containing 6 wt.% aluminum and 7 wt.% 

niobium 
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Ti5Al2.5Fe  Titanium alloy containing 5 wt.% aluminum and 2.5 wt.% 
iron 

Ti13Nb13Zr  Titanium alloy containing 13 wt.% niobium and 13 wt.% 
zirconium 

Ti12Mo6Zr2Fe  Titanium alloy containing 12 wt.% molybdenum, 6 wt.% 
zirconium, and 2 wt.% iron 

Ti35Nb7Zr5Ta  Titanium alloy containing 35 wt.% niobium, 7 wt.% 
zirconium, and 5 wt.% tantalum 

Ti29Nb13Ta4.6Zr  Titanium alloy containing 29 wt.% niobium, 13 wt.% 
tantalum, and 4.6 wt.% zirconium 

Ti35Nb5Ta7Zr Titanium alloy containing 35 wt.% niobium, 5 wt.% 
tantalum, 7 wt.% 

Ti15Mo5Zr3Al  Titanium alloy containing 15 wt.% molybdenum, 5 wt.% 
zirconium, and 3 wt.% aluminum 

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

TYS Tensile yield strength 
UCS Ultimate compressive strength 
UHMWPE Ultra-high molecular weight polyethylene 
UTS Ultimate tensile strength 
WST Water soluble tetrazolium 
XRD X-ray diffraction 
YS Yield strength 
μ-CT/CT Micro computed tomography/ computed tomography 
σy Yield strength of the materials. 
ZnAlCu Zinc, aluminum, copper alloy 
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Terms 
Bio-implant A bio-implant is a biocompatible material designed to replace, 

support, or restore the function of damaged biological tissues or 
organs within the body. 

Biomaterials  Materials used for bio-implant applications 
Bioactivity  The ability of a material to interact with biological tissues, often 

promoting healing or tissue regeneration. 
Biodegradation  The natural breakdown of materials by biological agents, 

enabling safe absorption or removal from the body. 
Bioinert Materials that remain stable and non-reactive in the body, 

avoiding any interaction with surrounding tissues. 
Bioresorbable Materials that dissolve in a controlled manner, providing the 

therapeutic agent (e.g., Ca+2, PO4
-3) during degradation. 

Dislocation A linear crystalline defect around which there is atomic 
misalignment. 

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

Elastic modulus 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. 

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

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

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

MC3T3-E1 pre-
osteoblast cells 

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

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

Patient-specific 
implant 

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

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

Torsional loading 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. 

Triply periodic 
minimal surface 

It is a mathematically defined 3D surface that repeats 
periodically along three axes and has zero mean curvature, 
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creating smooth, continuous, and porous structures ideal for 
lightweight and biomimetic designs. 

Widmanstätten 
structure 

It is a distinctive interlocking microstructural pattern found in 
titanium. 

0.7 Tm 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. 

 

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 Ca10(PO4)6(OH)2. 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 I 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 ρ-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 ρ E YS UTS UCS FS Ref. 
Natural bone 

Cortical bone 1.8-
2.0 

7-30 - 164-
240 

100-
230 

27-35 [19] 

Cancellous bone 1.0-
1.4 

0.01-
3.0 

- - 2-12 - 

Metals and alloys 
Ti6Al4V (cast) 4.43 114 760-

880 
895-
930 

- 600-
700 

[19] 

Ti6Al4V (wrought) 4.43 114 827-
1103 

860-
965 

896-
1172 

500-
800 

Ti6Al7Nb 4.52 105 880 900 - - [1] 
316L SS 8.0 193 170-

310 
540-
1000 

480-
620 

240-
480 

[19] 

        
Fe20Mn 7.73 207 420 700 - - [20] 
ZnAlCu 5.79 90 171 210 - - [19] 

CoCrMo 8.3 240 500-
1500 

900-
1540 

- 500-
900 

CoCr20Ni15Mo7 7.8 195-
230 

240-
450 

450-
960 

- - 

Pure Mg (cast) 1.74 41 21 87 40 - 
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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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 β-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 
316L SS Widely available and 

cost-effective, with 
excellent mechanical 
properties, and 
biocompatible 

High elastic 
modulus, 
inadequate 
resistance to 
corrosion, low wear 
resistance, potential 
to trigger allergic 
reactions with 
surrounding tissues, 
stress shielding, 
which can lead to 
bone resorption 

Bone plates, bone 
screws, pins, wires, 
etc. 

Co-Cr alloy Excellent resistance 
to corrosion, fatigue, 
and wear, high 
mechanical strength, 
and sustained 
biocompatibility over 
the long term 

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

Shorter-term 
implants, bone 
plates and wires, 
total hip 
replacements, 
stem or hard-on-
hard bearing 
system 

Mg alloy Biocompatible, 
biodegradable, 
bioresorbable, similar 
density and Young's 
modulus to that of 
natural bone, 
lightweight 

Hydrogen evolution, 
during degradation, 
less corrosion 
resistance 

Bone screws, bone 
plates, bone pins, 
etc. 

Ti alloy Excellent resistance 
to corrosion, lower 
modulus, stronger 
than SS, lightweight, 
and biocompatible 

Poor wear 
resistance, poor 
bending ductility, 
and expensive 

Fracture fixation 
devices such as 
plates, nails, rods, 
screws, fasteners, 
and wires, femoral 
hip stems, total 
Joint replacement 
(TJR) systems, 
arthroplasty 
procedures, 
particularly for hip 
and knee joints 
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Alumina (Al2O3) Biocompatibility and 
bioinert behavior 
elevated hardness, 
strength, and 
resistance to 
abrasion, minimal 
formation of fibrous 
tissue at the implant 
tissue interface 

Low fracture 
toughness, brittle, 
limited ductility, 
radiopacity 

Porous coatings for 
femoral stems, 
femoral head, 
bone screws and 
plates, and knee 
prosthesis 

Zirconia (ZrO2) Excellent fracture 
toughness, high 
flexural strength, low 
Young’s modulus, 
closely matching 
bone, bioinert 
nature, good 
biocompatibility, 
non-toxic behavior 
within the biological 
environment 

Phase 
transformation, 
Brittle, low 
toughness 

Femoral head, 
artificial knee, 
bone screws, 
plates 

Bio-glass Biocompatibility, 
bioactivity, 
promoting 
integration with 
surrounding tissue, 
and non-toxicity 

Brittleness may limit 
load-bearing 
applications, low 
tensile strength, and 
poor fatigue 
resistance 

Artificial bone, 
dental implants 

Hydroxyapatite 
(HAp) 

Bioresorbable, 
Bioactive, 
Biocompatible, 
similar composition 
to bone, good 
osteoconductive 
properties 

Brittleness may limit 
load-bearing 
applications, low 
tensile strength, and 
poor fatigue 
resistance 

Femoral knee, 
femoral hips, tibial 
components, 
acetabular cup 

1.2.1  Ti and 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 Ti is 1678 ℃, and the crystal structure of Ti is hexagonally closed-packed 
(hcp), α-Ti up to the beta transus temperature (882.5 ℃), transforming to a body-
centered cubic structure (bcc) β-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 α-Ti, stable up to 882 °C, and body-centered cubic β-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 (α to β transformation 
temperature) of Ti-based alloy. Elements like Al, O, N, etc., are commonly known as α 
stabilizers because they stabilize the α phase by increasing the β transus temperature. 
Similarly, elements like V, Mo, Nb, Fe, Cr, etc., stabilize β transus temperature and are 
known as β stabilizers. The addition of these elements depresses the β transus 
temperature. Figure 1.4 highlights the various biomedical applications of Ti and its alloys. 

 

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 α and β phases. They are classified as α, 
near-α, (α+β), and metastable β alloys. The α alloy consists of only the α phase. Near α 
alloys are a special class of α alloys comprising 1-2% β stabilizers and about 5-10% β 
phase. Similarly, α+β alloys contain 10-30% of the β phase, and alloys with higher β-
stabilizers where the β phase is formed by fast cooling are known as metastable β alloys. 
Generally, α+β and metastable β alloys are employed in biomedical applications. Among 
all these alloys, α and (α+β) 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 
(β alloys) was established in 1990 [45]. Due to their lower Young’s modulus (55-90 GPa), 
β 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 

grade 1-4) 
ASTM 1341 100 240-550 α 

Ti6Al4V ELI wrought ASTM F136 110 860-965 α+β 
Ti6Al4V ELI standard grade ASTM F1472 112 895-930 α+β 

Ti6Al7Nb wrought ASTM 1295 110 900-
1050 

α+β 

Ti5Al2.5Fe - 110 1020 α+β 
Second-generation biomaterials (1990 to present) 

Ti13Nb13Zr wrought ASTM F1713 79-
84 

973-
1037 

Metastable β 

Ti12Mo6Zr2Fe (TMZF) ASTM F1813 74-
85 

1060-
1100 

β 

Ti35Nb7Zr5Ta (TNZT) - 55 596 β 
Ti29Nb13Ta4.6Zr - 65 911 β 

Ti35Nb5Ta7Zr0.40 (TNZTO) - 66 1010 β 
Ti15Mo5Zr3Al - 22 - β 

*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 Ca10((PO)4)6(OH)2 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. 

 

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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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 μ-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. 

 

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]. 



33 

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 ℃ to 1400 ℃ (but below the melting point of 
the material) and a high vacuum of the order of 4 x 10-4 Pa to 6 x 10-6 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 NH4HCO3 as a space holder and TiH2 as a foaming agent. The experimental 
results showed that pure Ti samples achieved full relative density at a relatively low 
temperature of 750 ℃ 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 ℃. 

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 ℃, where 
bonding occurred primarily at contact points between adjacent Ti particles in the early 
sintering stage. At 1500 ℃, 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 ℃ 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)). 

 

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 ℃, (b,e,h) 
1500 ℃, and (c,f,i) 1600 ℃. 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 ℃, and (l) lateral view of compacted samples sintered at 1600 ℃. 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 ℃, TP-Time and pressure in min and MPa respectively, P-Porosity in %, 
PS-Pore size (µm), E-Young’s modulus (GPa), YS-Yield strength in MPa, UCS-Ultimate 
compressive strength in MPa, and UTS-Ultimate tensile strength in MPa). 

Material type ST TP P PS E YS UCS UTS Ref. 
 

Pure Ti 750 16 0 - ~1
25 

- - - [92] 

Pure Ti 1000 Pressur
eless 

53 - 40 - - - 

Ti5Mn alloy 950 Pressur
eless 

56 - 35 - - - 

Ti5Mn alloy 1100 Pressur
eless 

21 - 52 - - - 

Pure Ti 700 - 30-70 125
-

800 

6-
36 

27-
94 

- - [94] 

β-alloy Ti-
45Nb (Gas 
atomized) 

1000 10, 30 0.5 - 72 550 - - [95] 

β-alloy Ti-
45Nb 

(Milled) 

1000 10, 30 4.0 - 72 867 - - [95] 

Ti6Al4V 700 3, 30 32 - - - 125 - [96] 
Pure Ti 600 3, 30 32 - - - 113 - [96] 

CP Ti (Grade 
1) powder 

900 5, 60 - - - 340 - 445 [97,98
] 

Cryo-milled 
nanocrystalli

ne CP Ti 
(Grade 2) 
powder 

850 - - - - 770 - 840 

CP Ti (Grade 
3) powder 

900 5, 60 - - - 595 - 720 

Wrought 
titanium 
grade 4 

- 3, 80 
MPa 

- - - 480
-

635 

- 655
-

690 

Increased densification at higher temperatures had a direct effect on compressive 
yield strength (CYS) (Figure 1.11-(j)). At 1400 ℃, the weakly bonded particles resulted in 
a low yield strength of 4.7 MPa. This increased to 26.7 MPa at 1500 ℃ due to the growth 
of sintering necks and reached 52.6 MPa at 1600 ℃ as a result of further densification. 
The samples sintered at 1500 ℃ and 1600 ℃ exhibited elastic deformation followed by 
strain hardening during compression. In contrast, the structure sintered at 1400 ℃ 
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 ℃ 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 μm 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 (CaSiO3)-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. 

 

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. 

 

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 MMMs 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: 
• 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. 

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

• 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 μm, 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 β as-cast grain formation at elevated temperatures [119]. The 
particle size distribution curve shown in Figure 2.1-(c) indicates an average diameter of 
30±10 μm. 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. 

 

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 μm 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 ℃ 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 μm, 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. 

 

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 ℃ to the designated sintering 
temperature at a rate of 50 ℃/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 ℃ 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. 

 

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 

power (W) 
Scan speed 
(mm/sec) 

Hatch 
distance 

(mm) 

Layer 
thickness 

(mm) 

Energy 
density 
(J/mm3) 

Ti64 Bulk 400 1000 0.12 0.05 66.66 
Ti64 

Hexagons 
400 1000 0.12 0.05 66.66 

Spark plasma sintering parameters 
Material Sintering temperature (℃) Holding 

time 
(min) 

Compaction load 
(MPa) 

Pure Zinc 300 10 50 
Ti64-Zn 
(MBMC) 

375 30 50 
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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-Kα radiation (λ = 1.5406 Å) in Bragg-Brentano mode. For all the 
samples, scans were performed over a 2θ 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 20 s, 
followed by sonication in deionized water to remove residual contaminants. Zn samples 
were manually electropolished at 20 V for 35 s 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 10 s 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 10-3 s-1. 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 ℃ with a 5% 
CO2 supply for the designated periods. After immersion, the samples were retrieved and 
treated with 200 g/L CrO3 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 cm²) 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. 

𝐶𝐶𝐶𝐶 =  𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐·1000
𝑛𝑛·𝐹𝐹·𝐴𝐴

                          (Eq. 2.1) 

where Icorr 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 (α-MEM supplemented with 10% FBS 
(Gibco, Life Technologies) and 1% antibiotic (Sigma Aldrich)) at 37 ℃ with 5% CO2 for 24 
h and 72 h, respectively. A fixed volume of 15 μL/mm2 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 ℃ with 5% CO2. 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: 
    𝑅𝑅𝑅𝑅𝑅𝑅 = �

𝑂𝑂𝑂𝑂𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑂𝑂𝑂𝑂𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
�  ·  100     (Eq. 2.2) 

where ODsample is the optical density of the sample, and ODcontrol 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 μg/mL Alexa Fluor 488 (Invitrogen) 
at room temperature for 30 min. The cell nuclei were stained using 0.2 μg/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 α-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) α/α′ martensite. The absence of β 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 β phase into fine α/α′-martensite, 
consistent with earlier studies [123,124]. However, it is important to note that XRD alone 
cannot reliably distinguish between α (HCP) and α′ (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 α Ti phase while also showing β Ti reflections at 2θ values of 39˚ and 75˚, 
which can be attributed to the relatively slower cooling rates during sintering that allow 
partial stabilization of the β 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 β grains and lamellar α+β colonies forming a 
basketweave-like Widmanstätten structure [43]. During SPS, the elevated processing 
temperature (1200 ℃) and applied load (50 MPa) enable β-phase growth along α 
boundaries, leading to a coarser lamellar structure. Above the β-transus, Ti64 exists in 
the β (BCC) phase, which on cooling transforms into a mixture of α and β phases 
depending on the thermal trajectory. The relatively slower cooling rate in SPS preserves 
large polygonal prior β grains, within which colonies of alternating α (grey) and β (white) 
lamellae are observed, with a spacing of 1-2 µm. 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 α′ martensitic structure, 
as shown in Figure 3.2-(c,d). Rapid solidification during SLM suppresses diffusional 
transformations, instead promoting a diffusionless β→α′ martensitic transformation. 
Both α and α′ phases retain a hexagonal close packed (HCP) structure with nearly 
identical lattice parameters, although α′ 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 α′ laths typically nucleate 
at prior-β grain boundaries and grow along Burger’s orientation relationship (BOR) 
defined planes. Among the twelve possible α′ orientation variants, {110}β//{0001}α′ and 
<111>β//<1120>α 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. 

 

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 β grain boundaries 
with α phase (yellow arrow), and (c,d) selective laser melted samples highlighting the 
acicular α′ 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 α colonies containing fine 
lamellar prior β, with minimal variation in intergranular orientation. This suggests a slow, 
diffusion-controlled β→α+β 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 α/α′ 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 α and β phase fractions. SPS-
processed Ti64 retained 5.2% β 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 β, sparsely 
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distributed due to extremely high cooling rates (>106 K/s). These differences in α/β 
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 β→α′ 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]. 

 

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 α 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 α+β colonies. The β 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 α/β interfaces, 
where interfacial misfit dislocation arrays form to accommodate the crystallographic 
mismatch between HCP α and BCC β during cooling. The selected area diffraction pattern 
(SADP) of SPS samples confirms the α phase with a zone axis of [4�51�3]. 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 α′ martensitic needles with heavily entangled dislocations, reflecting rapid, non-
equilibrium solidification. 

 

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 β-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 α-titanium (Ti) needle-like features 
and regions of dislocation tangles, (b,c) higher magnification TEM images illustrating the 
distribution of α-Ti needles and associated dislocation structures, the inset in (b) shows 
the indexed selected area electron diffraction pattern. 

The α′ laths align preferentially along specific crystallographic planes, consistent with 
the diffusionless β→α′ transformation widely observed in Ti64. SADP patterns along the 
[1�4�53] zone axis confirms the HCP structure, though they cannot clearly distinguish 
between α and α′ due to imaging along a higher-index zone axis, where c/a ratios are 
difficult to extract. However, TEM images clearly reveal α′ 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 α′ 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 HV0.1) as compared to its SPS 
counterpart (361±20 HV0.1). 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 
(1732±68 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. 

 

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 α′ martensitic laths and slight compositional variations, account for these 
trends. Galarraga et al. [123]  noted that an increase in finer α′ laths enhances alloy 
strength, in accordance with the Hall-Petch relationship. However, the dense 
arrangement of α′ 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 α′ into equilibrium α and β phases during high-temperature 
sintering at 1200 ℃ [132]. Vanadium diffusion during slow cooling promotes α 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 
(HV) 

CYS 
(MPa) σyc 

UCS 
(MPa) 

TYS 
(MPa) 

σyt 

UTS 
(MPa) 

Fracture 
strain 

(%) 

σyt/σyc 
 

SPS 361±20 946±5.3 1732±68 520±7 865±20 34±1 0.54 
SLM 412±17 1428±5.5 1828±13 799±6 1211±12 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. 

 

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 β 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. 

 

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 α′ 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 α+β 
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 
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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/cm3, 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 I, 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 II 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 ℃ to 300 ℃ at a rate of 50 ℃/min, followed by a 10 min dwell, 
enabling grain boundary diffusion, neck formation, and pore closure. Finally, Stage III 
involved cooling from 300 ℃ to 50 ℃ at the same rate (50 ℃/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 (101�1), 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 (ρ ≈ 7.1 g/cm3). 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]. 

 

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 µm) 
compared to the as-cast material (150 µm). 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. 

 

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 (191±6 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. 
       σy = σ0 +  kd−1/2     (Eq. 4.1) 

σy  ∝ d−1/2 
where σy is the yield strength of the materials, σ0 is the lattice friction stress, k is the Hall-
Petch coefficient, and d is the average grain size of the material. Finer grains (19 µm in 
SPS Zn) increase grain boundary density, impeding dislocation motion and raising yield 
strength, while coarse grains (150 µm 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. 

 

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-l) 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 (Icorr) 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 (Ebp) is reached, the current density rises sharply, signaling transpassive 
corrosion. From the Tafel curves, values of Icorr, Ecorr, Ip (passivation current density), Epp 
(passivation potential), and corrosion rate (CR) were extracted (Table 4.1). Both as-cast 
and SPS Zn samples displayed similar cathodic polarization behavior, with Ecorr values of 
-1.21 and -1.20 V and Icorr values of 8.61 and 12.16 μA/cm2, respectively. Upon increasing 
potential, a stable passive layer formed, with passivation potentials (Eap) of -1.16 and -
1.15 V and passivation current densities (Ip) of 62.0 and 52.9 μA/cm2 for the as-cast and 
SPS samples, respectively. The lower Ip 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 Ebp 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 Ecorr 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. 
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Table 4.1. Polarization data for the as-cast and spark plasma sintered zinc samples 
immersed in simulated body fluid [120]. 

Sample 
condition 

Ecorr (V) 
vs SCE 

Icorr 

(μA/cm2) 
Ip 

(μA/cm2) 
Epp (V) vs 

SCE 
Ebp (V) vs 

SCE 
CR 

(mm/yea
r) X10-4 

As-cast -
1.21±0.0

2 

8.61±0.1
1 

62.0±3.1 -
1.16±0.0

25 

-
1.06±0.1

7 

0.60±0.0
8 

SPS -
1.20±0.0

35 

12.16±0.
9 

52.9±1.2 -
1.15±0.0

32 

-
1.03±0.2

3 

0.88±0.0
5 

 

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-l) correspond to spark plasma sintered Zn after (g-i) 
1 hour, and (j-l) 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. 

 

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 α/α′ 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 α/α′ 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. 

 

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. 

 

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 α/α′ 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 
β phase into α/α′ laths following the Burgers orientation relationship [130,157,158]. IPF 
map in Figure 5.4-(e) shows that the α′ 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 
β → α/α′ 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. 

 

Figure 5.4. Scanning electron microscopy images, and electron backscatter diffraction 
maps of (a-c) zinc, and (d-f) Ti6Al4V struts. showing the (a,d) microstructure, (b,e) inverse 
pole figure maps, and (c,f) 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 HV0.1, whereas the Zn-rich regions 
show a substantially lower hardness of 44±2 HV0.1. The elevated hardness in Ti64 is 
attributed to the α′ 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 292±25 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 
composition 

Compressive yield strength 
(MPa) 

Ultimate compressive strength 
(MPa) 

Ti64 Hexagon 165±2 182±13 
Zn (SPS) 115±5 191±6 

Ti64-Zn (MBMC) 265±25 292±25 

 

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 
magnifications 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 0.1325±0.0800 0.0965±0.1000 0.0858±0.0500 
SLM bulk Ti64 0 0.0072±0.0100 0.0004±0.0100 

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 (Ca10(PO4)6(OH)2). 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 Icorr were determined using the Tafel extrapolation method, and the 
corresponding values are summarized in Table 5.3. Ecorr reflects the tendency of a 
material toward corrosion, where more negative values indicate higher susceptibility to 
electrochemical activity. In contrast, Icorr 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 Icorr of 3.35 µA/cm2, 
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 Ecorr of -1180 mV and an Icorr of 0.045 
µA/cm2. When the Ti64-Zn MBMC was exposed to the SBF environment, it displayed an 
Ecorr of -1185 mV, slightly more negative than Zn, indicating comparable electrochemical 
activity. Interestingly, the Icorr for Ti64-Zn composite was 0.027 µA/cm2, 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 Icorr (μA/cm2) Ip (μA/cm2) 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 

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 TiO2 
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 TiO2 
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 Zn2+ ions. Consequently, the Ti64-Zn MBMC exhibits a lower Ecorr 
and higher passivation current (Ip). 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 Icorr 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]. 

 

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 Zn2+ 
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 Zn2+ 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]. 

 

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 α′ 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 α′ 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 α′ 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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Lühikokkuvõte 
Uue Osaliselt Biolaguneva Komposiidi Projekteerimine ja 
Väljatöötamine Hübriidtootmise Teel 
Biomaterjalide väljatöötamine, mis jäljendavad täpselt loodusliku luu struktuurilisi, 
mehaanilisi ja bioloogilisi funktsioone, on ortopeedilistes ja koetehnoloogia rakendustes 
endiselt kriitilise tähtsusega väljakutse. Tavapärased metallimplantaadid, nagu Ti64, 
roostevaba teras ja Co-Cr sulamid, pakuvad suurepärast mehaanilist tugevust, kuid 
kannatavad pingekaitse ja pikaajalise kokkusobimatuse all oma mittelaguneva olemuse 
tõttu. Seevastu biolagunevad metallid, nagu Mg, Zn ja Fe, pakuvad kontrollitud 
resorptsiooni ja vähendavad pikaajalisi tüsistusi, kuid nende mehaanilised piirangud 
piiravad nende kasutamist koormust kandvates keskkondades. See väitekiri käsitleb neid 
väljakutseid, uurides süstemaatiliselt Ti64 ja Zn kui potentsiaalseid kandidaate järgmise 
põlvkonna osaliselt biolagunevate metallsüsteemide arendamiseks täiustatud 
tootmismeetodite abil. 

Töö algab SLM-i ja SPS-i abil valmistatud Ti64 detailse hindamisega. SLM-töödeldud 
Ti64-l oli SPS-Ti64-ga võrreldes peen α' martensiitne mikrostruktuur, parem kõvadus, 
suurem mehaaniline tugevus ning parem . Samamoodi näitas SPS-töödeldud Zn 
rafineeritud teramorfoloogiat, kontrollitud lagunemiskäitumist ja soodsat bioloogilist 
reaktsiooni, edestades tavapäraselt valatud Zn-i. Need leiud kinnitasid, et Ti64 ja Zn on 
struktuurilt ja bioloogiliselt teineteist täiendavad materjalid. 

Selle töö keskseks panuseks on uudse Ti64-Zn MBMC väljatöötamine. 
Struktuurkarkassina toimis SLM abil valmistatud bioloogiliselt inspireeritud Ti64 
kuusnurkne võre, millesse SPS-i abil infiltreeriti Zn. Saadud komposiidil oli pidev 
läbipõimuv arhitektuur, kohandatud mehaanilised omadused, prognoositav 
lagunemiskäitumine ja suurepärane tsütosobivus lahjendatud ioonkontsentratsioonide 
korral. Oluline on see, et Ti64 karkass säilitas mehaanilise terviklikkuse Zn järkjärgulise 
lagunemise ajal, mis näitab potentsiaali kontrollitud koormuse ülekandmiseks ja luu 
regeneratsiooni paranemiseks. 

Kokkuvõttes esitab see väitekiri tervikliku tee osaliselt biolagunevate 
metallkomposiitide kujundamiseks hübriidsete AM-PM meetodite abil ning seab Ti64-Zn 
MBMC-d paljulubavateks kandidaatideks järgmise põlvkonna biomeditsiiniliste 
implantaatide jaoks. 
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�hû$N%\$6�	�����U6�V����	��  
.����3��� .������
�	�
�������� ���	�
��)��� ����0	
	� ������������� ������	�)�
��� �	��)������	� ��� ��	�)�������
5	����������
���
�
���	��� �	.)��
��	���	.)�
��
��
������	����)������������ �
���	����+6�����  
.��55��	��� .
����
��������  ���	�	�
��
5�
����	�
�� ��	�  ����� ��	�)���������R�	��� ����	�� ���1
�1��  
.�)���	��� �� .3�	�������		
�
��
��
�)5�	�0�����5
������)�����
 
0��� ����
���+�
3����)�����6��  
.��
�������� �	��� .��0�� ��	���
�� ��)3�������������	�������� ���0�� 
���������0��� ���	�
��+6������  ��0�����
	����	����0������	��������	
3�����0��������
�
��6��	���	����	��	������	������������
�����	�����
�� ��3�� ����������0������	���������� ��	�0��	.+6��������3��
�������
������������������	�
�
5�
3�����	�  ��0.�������	�������5��	����0����
���������	
5������	��
�
��6����6���  
.���55
 ��)��� ����0����	�������5���	����0�����55����	�
3�����	�  ��0.	���������+��
������0�
�	������
��������	����
5�������� ��
�
��	.)�
����T����	����	�
�)����
�	���	��� ��
 �	�
�)��������� ��
���	���)�����
 
0��� 
�	�
���)3�	���������
�	���� �	�
�������	3�����
������0������	���)�
�������	��	���)���5���	�
�� ���5
������+6�����
�	�������0�������	�	��	
�	���T���
3������	�  ��0.	������������0�����	���	���
����	���
�����	��������������0����	�� �5
�
���
��	�0��	�
�3�� �����	�����0�
����������	���0	��
5������*��)3����������	�������5��	����0���� ��	����������
�	�
 
5����������� �����	��	������	������������5� �
�	���
������0	
���
����������
3���)�	��� �T������
�	���	����)����������
��
��
����3��������	����+S�����	�
�)	��������3��	�0��	��5�������	� �����	�
5�
����
 
0.����
����� ��	��	����	�
�	
�
�	��	�� �T�	��5���	�
�� ����������	�
5�
�
��6����55
 ��+89:;<=>9:;?@A9BACD@EE9FGFH)I)!�� �		���JJ�
�+
�0J��+��K�J2���K���!��



�����������	
��
�
	������������� ���������� !"#$%$&'%()*+�,�(-)&$.,%&/*+�01.,).$&//(,23*4%�)&$.,%&/*$%--(..'2%'..,%'256789 �!:;9<�8=>.1.)&'1��,�,$>�+.1%?%)+/&'$-%-.@+.,%.'?%'2&'('+,.?.1.'$.1-(,2.�+,%A)&,%/31(.$�$>.%'?,.&-.1+,.B&/.'?.��?�'1%$%�'--(?>&-�-$.�+�,�-%-�0>%?>0.&C.'-4�'.-�&'1�-$.�&,$>,%$%-�0>%?>?&(-.-D�%'$%'E&))&$%�'F�GHI()&'4�'.D�%'$-&,.)�-$/%C./3$�4.&��.?$.1431.2.'.,&$%B.&'1%'E&))&$�,31%-.&-.-F�GHJ.2.'.,&$%B.1%-.&-.-%)+&%,$>.).?>&'%?&/-$,.'2$>��4�'.-.%$>.,$>,�(2>.@?.--%B.-$,.--�,1(.$�&/&?C��$>.4�13K-'&$(,&/>.&/%'2).?>&'%-)-HL$(1%.--(22.-$$>&$'.&,/3M�N��%'1%B%1A(&/-&4�B.$>.&2.����&,.&��.?$.1$�-�)..@$.'$431.2.'.,&$%B.D�%'$1%-�,1.,-F�GH=>.,.+/&?.).'$��1%-.&-.1D�%'$-(,�&?.-(-%'2).$&//%?�?.,&)%?��,+�/3).,%?)&$.,%&/$>,�(2>&,$>,�+/&-$3-(,2.,3%-$>.(/$%)&$.-�/($%�'$�$>%-+,�4/.)FOGHP,$>,�+/&-$3%-&-(,2%?&/+,�?.1(,.0>.,.1&)&2.1'&$(,&/D�%'$-(,�&?.-&,.,.+/&?.10%$>-+.?%&/%Q.1%)+/&'$)&$.,%&/-$�&//.B%&$.+&%'&'1%)+,�B.)�4%/%$343?,.&$%'2&'.0+,�-$>.$%?D�%'$HR�'.-?�)+,%-.��(,?.//+�+(/&$%�'-?,(?%&/��,2,�0$>&'1,.-�,+$%�'S�-$.�4/&-$-��-$.�?/&-$-��-$.�2.'%??.//-�&'1�-$.�?3$.-�&//�,%2%'&$%'2�,�)4�'.)&,,�0HP/$>�(2>4�'.-+�--.--$>.?&+&?%$3��,+>3-%�/�2%?&/,.)�1./%'2&'1-./�A,.+&%,�$>.3&,.('&4/.$�.��.?$%B./3?�+.0%$>-.B.,.%'D(,%.--(?>&-?,%$%?&/A-%Q.11.�.?$-TULJ-VF�GHULJ-&,.1.�.?$-$>&$0%//'�$>.&/�'$>.%,�0'1(,%'2$>.'&$(,&//%�.-+&'��$>.%'1%B%1(&/F�G�&'1$3+%?&//3�1.�.?$-%'$>.,&'2.���?)$��?)&,.?�'-%1.,.1?,%$%?&/%'>()&'-FW�XGH=>.-$&'1&,1&++,�&?>.-��,$,.&$%'2ULJ-%'?/(1.&($�2,&�$T4�'.>&,B.-$.1�,�)$>.-&).+&$%.'$-V�&//�2,&�$T4�'.>&,B.-$.1�,�)�$>.,+&$%.'$-V�&'1@.'�2,&�$T4�'.-�(,?.1�,�)�$>.,-+.?%.-VFY�MGHZ>%/.$>.-.&++,�&?>.-��$.'3%./1+�-%$%B.,.-(/$-�$>.3?�).0%$>-+.?%[?/%)%$&$%�'-H=>.&++/%?&$%�'��&($�2,&�$%-'�$-(%$&4/.��,/&,2.A-%Q.11.�.?$--(?>&--+%'&/&,$>,�1.-%-F��G�0>%/.&//�2,&�$+�-.-,%-C-��%))('�/�2%?,.D.?$%�'�1�'�,1.+.'1.'?3�+��,�-$.�2.'.-%-�&'1&>%2>.,,.-�,+$%�',&$.F��GHP/$>�(2>@.'�2,&�$-+,.-.'$&+,�)%-A%'2-�/($%�'$��,2&'->�,$&2.-�$>.%,?/%'%?&/(-.%-,.-$,%?$.143%))('.4&,,%.,-�Q��'�$%?%'�.?$%�',%-C-�.$>%?&/?�'?.,'-�&'1+>3-%�/�2%?&/?>&//.'2.-F��\��GHL(?>?>&//.'2.-&'1?�'-$,&%'$-1,%B.,.-.&,?>.,-$�&?$%B./3.@+/�,.&'1?,.&$.1.+.'1&4/.4�'.-(4-$%$($.-$>&$?/�-./3)%)%?$>.?>&,&?$.,%-$%?-��'&$(,&/>()&'4�'.H=>.[./1��4%�)&$.,%&/-,.-.&,?>4.2&'0%$>$>.%'&(2(,&/4%�)&$.,%&/?�'�.,.'?.>./1&$U/.)-�']'%B.,-%$3%'L�($>U&,A�/%'&%'�MWMF��GĤ@$.'-%B.,.-.&,?>>&-/.1$�$>.1.B./�+).'$��B&,%�(-).$&//%?F�WG�?.,&)%?F�X��YG�&'1+�/3).,%?F�MG)&$.,%&/--(%$&4/.��,)%)%?C%'2$>.+,�+.,$%.-��&>.&/$>3>()&'4�'.H=>.-.)&$.,%&/-4./�'2$�1%��.,.'$?/&--.-�.&?>+�--.--%'21%-$%'?$+>3-%?&/�).?>&'%?&/�?>.)%?&/�&'14%�/�2%?&/+,�+.,$%.-H_�,%'-$&'?.�).$&//%?&//�3-�C'�0'��,$>.%,,�4(-$).?>&'%?&/+,�+.,$%.-�&,.?�))�'/3(-.1%'/�&1A4.&,%'2D�%'$+,�-$>.-.-F��\�OGHU.,&)%?)&$.,%&/-�,.'�0'.1��,$>.%,0.&,,.-%-$&'?.&'14%�&?$%B.+,�+.,$%.-�&,.��$.'(-.1$�?�&$).$&//%?%)+/&'$-F��\�MGH̀�/3).,-�4.%'24%�1.2,&1&4/.&'1>&,)/.--$�$>.4�13�&,.($%/%Q.1%'4�'.,.+&%,&++/%?&$%�'-FO�GHL?%.'$%-$-&$$,%4($.$>.+,%)&,3?&(-.���&%/(,.%').$&//%?%)+/&'$-$�$>.a-$,.--->%./1%'2.��.?$KFO�\OOGH=>%-.��.?$�??(,-1(.$�$>.)%-)&$?>%').?>&'%?&/+,�+.,A$%.-/%C.b�('2K-)�1(/(-�3%./1-$,.'2$>�(/$%)&$.$.'-%/.-$,.'2$>��,&?$(,.$�(2>'.--��&$%2(.-$,.'2$>�&'11(?$%/%$3T%'?/(1%'2./�'2&$%�'&'1$�(2>'.--('1.,?3?/%?/�&1%'2V4.$0..''&$(,&/4�'.&'1).$&//%?&//�3-('1.,%'B%B�?�'1%$%�'-�/.&1%'2$�$>.,.-�,+A$%�'��4�'.$%--(.--(,,�('1%'2$>.%)+/&'$)&$.,%&/FO�GHc�,.�B.,�).$&//%?%)+/&'$-&,./%)%$.143%--(.--(?>&-+��,0.&,&'1?�,,�-%�',.-%-$&'?.�&-0.//&-%'-(�[?%.'$4%�?�)+&$%4%/%$3FO�\��GH=,&1%$%�'&/).$&//%?%)+/&'$-�-(?>&-O�Wd-$&%'/.---$../&'1
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�s����	
�t
u����v�wxx����[yy0z1$���U#�{[0 q�!*�$%�G0C�! ���% $#�1*�$��%#$���%��!�!"I//(���%��!��1#(( (�$C#%�(��!"C#%�(6��'�0�
�s����	
�t
u����|�x}���~���[0z1$���U#�{�0 h��$�)�R��q0HL)�#�,R�)�R��o0H5�"(�!�R��h0HD $,+"(�)�R��D0G0V�&*(+F�$� �2�%�!� 'L�����("���$_$%*�/�#"��I//(���.%��!�0���u��	�����	
��	���������u����	
���|����������0z1$���U#�{zF �C#"{�0 J���+� !��C0Hq$��R!#$�20HY*� �V0H5� $#�R�T0Hq*�" $��L0q0C�&!#�� '.q��#"q���#$�'����!_$%*�/#"��I//(���%��!�0�
���u����	
���|��}}�[����0z1$���U#�{�0 D�'�20HL##�10o0Hp���0HY* �h0_$%*�/#"��W'/(�!%��!"h#3��#���$q�!#6$��% $#��!"h#�#�%�rF��%�F$#�#!%�!"F#$�/#�%�3#0��s��	s	�������w����]0z1$���U#�{�0 L/��#$�F0F0HD$#%(�)�G0h0HE� !&�L0HG�!�#!�G0I0HD��/#$�60D0HC�R���I050S3�( �%��!��q�!#U#&#!#$�%��!T��!&%*#U�%1$�%���(L�,#1�(3�$��(h#�#�%0�����
���
���|�����~�]��~[~0z1$���U#�{y0 _$+�!�I0HI(�"�"��L0HC��*�$��I0HC��� ((��J0q�!#U#&#!#$�%�3#C#"���!#r1(�����_/%��!��J�3#(L%$�%#&�#���!"6 % $#h�$#�%��!�0���
�����t�
s��	����|v����]0z1$���U#�{]0 Y*� �V0Hp�)$#!�#�G050Hq*�" $��L0q06��$���%��!I�/#�%���FpI.1�FZFp5I.1�F1�'/���%#���$_$%*�/#"��I//(���%��!�rIU#3�#)0�
���u����	
���|�����~~~�[���0z1$���U#�{~0 L%#3#!��C0C0q��'�%#$��(���$q�!#2��� #S!&�!##$�!&0���	
�����������ww��]�[�0z1$���U#�{��0 D#�%�!&�G060HC�� ##!�C0C0L ��%�% %#���$� %�(�&� ���!#&$��%�!�$%*�/�#"��%$� '�0�����	���t�
s��
��������|������]0z1$���U#�{��0 h�'�#!�10G0HF�$��!��G0U0q�!#5$��%�!"q�!#5$��%L ��%�% %#�rIU#3�#)��1 $$#!%2#�*!�(�&+�!"I//(���%��!�0��������u����	
�|��|����]y�[�]0z1$���U#�{zF �C#"{�[0 V#$�!&�q0G0Ho�(�)�(R�$�J0F�&.%�.J�!* '�!F$�'�%#W�(#%�#!�%$�!�/(�!%�%��!0�
��������������������w�]��]�0z1$���U#�{zF �C#"{��0 6��*'�!�G0I0HF�%�#!�#�10�#!�%$�!�/(�!%�%��!rW!�#�%�� �U��RU#3���%#"0������
������������v�x���]����~�0z1$���U#�{zF �C#"{��0 1��/#$�h0D010HS,,#(�$���C0q0HV�$��V0HW)��#�V0Hp##�o0Ho�NR�%$�'�C0Hq�%%�!��U02*#F�%*����(�&+��F�&.%�.F$�'�%#�#!�%$�!�/(�!%�%��!rIV��%�$���(U#3�#)0�	���
����������u����|�����]�����0z1$���U#�{



�����������	
��
�
	������������� ��������� ����� �!�"#$%&��'�(�"')�* + %$�,�"��&$ �'�(�-$. )�/.$�+ ��0$ 1)����21�$+ ��3��$4���050���6 �/$47+61 %�)8',�9$�:��
�;����	
�<
=����>�?@��ABC�D��E30�)),��F�G� H / 9�!�(�"I %/�J�K�"LJ��$"(M+ 0�'�"!�� %� �(�"#$%&��K�(�!�4� %$4 1 %/.$�1�&$4 1.�� 9$�M0��I�0�M)-$C#$5D#4 ���1/��0-$))M�N%&$%��0$%&'661$4 �$�%�O	
�P�Q������R�@S�DD�A�CDDD���E30�)),��F�B� (M+ 0H / 9�!�"T$0�%#�M*1 �,�"I0 )� %���(���'3�+60���%)$9�,�9$�:�%U�9�1�6+�%���V )��U�0$9�/TJ/0�WJ 6 �$��XT'6Y��0-$))M�N%&$%��0$%&'661$4 �$�%����	
�Z�[�\�
�
����]�E30�)),��F�̂� H / 9�!�(�"I %/�J�K�"!�� %� �(�"#$%&��K�(�'_�:̀3�)�'660� 4���U�9�1�6#$1$4 U�6�/-0$4 14$M+I��)6� ��X-3IY#4 ���1/aJK 1�0$b$%&'%$+ 1.�%�V )�� %/,$4�TM)*��0-$))M�N%&$%��0$%&'661$4 �$�%)�O	
�P�Q��������@c�D����CD�����E30�)),��F�A� N0)� /̀_ %&0�M/$�'�". a b /���d�"'1$b /�& %�e�"!��/$!�M) �$�#�"!�0 /$���I�1J+�0)��07+61 %� a1�U�9$4�)���Q�[�f�;�Og	P����h�ijS�G�ĈG�E30�)),��FD�� #$%&��d�"#0$* %���(�I�"��6 1�K�", k6M��!�"! %$9 ) & +���"I0 )� %���(���"3� ���0k���(�"#M: )�#�7%#$�MI0�/M4�$�%��_�:̀!�/M1M)-$Cda'11�J)aJ#�1�4�$9�_ )�0!�1�$%& %/-��$0eM%4�$�% 1'))�))+�%���: 0/50���6�/$4'661$4 �$�%)������	
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��A�
�A����
�Q�����
�Z
����A�
�
���ZF����AZ���
���"�
�����A"�����`�H�����Aa�
���>
�����A���
��"`���
���A`�������KF�
���AA�
��K
����"�����À ������Z"
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K. Chatterjee, S. Suwas, J. Jayaraj, K.G. Prashanth, Microstructural, mechanical, corrosion, and 
biological behavior of spark plasma sintered commercially pure zinc for biomedical 
applications, Materials Advances 6 (2025) 3546-3560. https://doi.org/10.1039/d5ma00092k. 
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+,;;84*)f?**0453(885*/*++()9)*3,8(02)9(517,(8409+0(51()1+@f(510C*)*+,80+B*)*/2?;()*1B40C0C*(+F/(+0U5+(?;8*+D[5404(88914+/+C(;*1U5+(?;8*+6H=?? 14(?*0*)(51H??0C4/G5*++@B*)*;284+C*1,54A2)?89A2882B*1-9+0*)484O45345*0C(528(51*k;2+*102lIA2)MCDE2)*?2:*)*+41,(8*0C(528f0C*+(?;8*+B*)*A,)0C*)B(+C*10C)4/*,+453(?4k0,)*2A;C2+;C(0*-,q*)+(845*+28,0425(51MN (504-4204/DS45/*U51*3)(1*+450C*+28,0425?*14(f0C**q*/02A8*(/C4532,0A)2?0C*?(0*)4(8250C*/*88,8())*+;25+*B(+2-+*):*1-9,+453/2514F0425*1?*14(Dh25140425*1?*14(B(+;)*;()*1-945/,-(04530C*+0*)484O*1+(?;8*+45(/2?;8*0*/,80,)*?*14,?f_p�pf0C*?4k0,)*2A�FQTQ6?454?,?*++*504(8?*14,?@fM=NA*0(8-2:45*+*),?6eZSfV4-/2fR4A*0*/C528234*+@(51MN(504-4204/6S43?(X81)4/C@A2)H<C(51]HC(0J]gh450C*;)*+*5/*2AKNhPHDX/25+0(50(?2,502AMK>R?? Ĥ2A/2?;8*0*?*14(B(+,+*102;)*;()*0C*/25140425*1?*14(DXA0*)0C*?*50425*145/,-(0425;*)421f0C*+(?;8*+B*)*)*?2:*1DEC*/25140425*1?*14,? B(+/*50)4A,3*16K===);?A2)H=?45@02)*?2:*0C*;)*+*5/*2A(591*-)4+DQhJEJFTM/*88+B*)*/,80,)*145/2?;8*0*?*14(,+453(<nFB*88;8(0*B40CJ�M=J/*88+;*)B*88(51(882B*102(00(/CA2)H<C(0J]ghB40CKN hPHDXA0*)H<C2A45/,-(0425f0C*?*14(B(+)*;8(/*1B40C(/25140425*1?*14,? (51A,)0C*)45/,-(0*1A2)H<C(51]HC+*;()(0*89DEC*/25140425?*14(2A0C*(+F/(+0(51SiSU5B*)*,+*1(00B214q*)*50148,0425+LM� 6_p�pfM==N /25140425*1?*14,?@(51n� 6_p�pfMHDKN/25/*50)(04252A0C*/25140425?*14,? (510C*)*?(45453/2?;8*0*?*14,?@De2)0C*;2+404:*/250)28f/*88+B*)*/,80,)*145A)*+C?*14((5145/,-(0*1A2)0C*+(?*;*)421(+0C(0A2)0C*/25140425*1?*14(+(?;8*DXA0*)0C*45/,-(0425;*)4216M1(9(51J1(9+@f0C*/25140425*1?*14,? B(+(+;4)(0*1f(510C*/*88+B*)*)45+*1B40CiZSDS,-+*7,*50890C*9B*)*45/,-(0*145/2?;8*0*?*14(/250(45453�SEFM6[5:40)23*5@+28,0425B40CMLM=148,0425A2)JC02?*(+,)*0C*/*88:4(-48409DEC*2;04/(81*5+4092A0C*)*+,80(50?*14,?B(+(5(89O*1,+453(;8(0*)*(1*)6Z420*GV*5KfS(50(h8()(fhXflSX@(0<<=5?DEC*/*88:4(-48409B(+)*;2)0*1450C*A2)? 2A)*8(04:*3)2B0C)(0*6uVu@fBC4/C/(5-*/(8/,8(0*1,+453*756H@�wx ����������z{��|{�� ��~�� 6H@BC*)*PW+(?;8*(51PW/250)28()*0C*2;04/(81*5+4092A0C*+(?;8*f(510C*/250)281*0*)?45*1B40C(;8(0*)*(1*)DEC*2-0(45*11(0(A)2?0C*�SE6B(0*)F+28,-8*E*0)(O284,?@(++(9B*)*+,-.*/0*102+0(04+04/(8(5(89+*+6,+453+0(51()1(5(8904/(80*/C547,*2A:()4(5/*6X�PIX@B40CE,G*9�+0*+0@DEC*14q*)F*5/*+B*)*/25+41*)*1+4354A4/(50(0�� =D=KDX880C*1(0(;)*+*50*1()*A)2?0C*)*+,80+2A(08*(+0A2,)+(?;8*+DEC*:4(-484092A0C*/*88+B(++0,14*1B40C84:*�1*(1(++(9-9+0(45453B40Ch(8/*45XQ6EC*)?2e4+/C*)S/4*504A4/f[514(@(51T0C414,? j2?214?*)19*6EC*)?2e4+/C*)S/4*504A4/f[514(@DEC4+4+A2882B*1-94?(34532A0C*+(?;8*+,+453(545:*)0*1*;4FA8,2)*+/*5/*?4/)2+/2;*6P89?;,+[YFKJfE2G92f�(;(5@DEC*/*88?2);C28239B(+:4+,(84O*1-9A4k4530C*/*88+B40CJD]N A2)?(81*C91*45iZS+28,0425(0)22? 0*?;*)(0,)*A2)J=?45fA2882B*1-9iZSB(+C453DEC*/*88?*?-)(5*B(+

��� ¡¢�£¤¥¦§�̈© ¤ ª�« ¡
¬­®̄�°±±®²²�°³́µ±¶®·�̧¹º

¶µ²»®¼�½̄�¾¿�°­³µ¶�ÀÁÀÂ·�Ã
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A6.7)A.*)2*,)G/3=56/,-)1.AG=//=IA�15*,-7A6.7)UD.7*.15./(*)AA5*)=GM8xJ.I.A.((/,)16=6L)(=I1)*I,6L=56.-3,-4*)+)-6,-6)+()*.65*)9<L).((/,4.6,=-=G(*)AA5*).//=IA6L)(=I1)*(.*6,4/)A6=*).**.-7).-1+=V)4/=A)*6=).4L=6L)*D/).1,-76=.*)1546,=-,-(=*)A,0)9�=-A,1)*.2/)(,A6=-1,A(/.4)+)-6I,6L.-.V)*.7)*.6)=G89WM++ +,-P@I.A=2A)*V)19U-6L)-)R6A6.7)UUD6L)6)+?()*.65*),-4*).A)1�5,4�/3D*)A5/6,-7,-6L)7)-)*.6,=-=G(/.A+.2)6I))-6L)(=I1)*(.*6,4/)A9<L)(.*6,4/)A5*G.4)I.A4/).-)1D.-1 6L)*+.//3.46,V.6)1 1)-A,G,4.6,=- 6.�)A(/.4)9}WQ(,A6=-1,A(/.4)+)-6=G89@+++,-P@I.A=2A)*V)115*,-76L,AA6.7)9<L)6)+()*.65*)4L.-7)AG*=+ M8��6=W88��.66L)*.6)=GM8��+,-P@I,6L.1I)//6,+)=G@8+,-DIL,4L/).1A6=7*.,-2=5-1.*31,z5A,=-D-)4�,-7D.-1(=*)4/=A5*)9U-6L)/.A6A6.7)UUUD6L)4==/,-7A6.7)D6L)6)+()*.65*)1)4*).A)AG*=+W88��6=M8��.6.*.6)=GM8��+,-P@9<L)(,A6=-1,A(/.4)+)-6*)154)A6=898@+++,-P@D.-16L,A(,A6=-+=6,=-,A.66*,256)16=6L)6L)*+./AL*,-�.7)=G6L)A.+(/).-16L,AAL*,-�.7)1=)A-�6(/.3.-3*=/),-1)-A,G,4.6,=-9}Tgh� �so�ps�or�pqrorpsnoturstkvS,79W,//5A6*.6)A6L)>~X(.66)*-=G(5*)y-(=I1)*.-125/�A.+(/)A9<L)>~X(.66)*-AAL=I6L)(*)A)-4)=G.A,-7/)?(L.A)1+,4*=A6*5465*)I,6L6L)().�A4=**)A(=-1,-76=6L)���(L.A)9�=.11,6,=-./().�A4=**)A(=-1,-76==6L)*(L.A)A.*)=2A)*V)1I,6L,-6L)1)1546,2/)/,+,6AA577)A6,-76L.6-==R,1)A.*)G=*+)115*,-7A,-6)*,-79<L)().�,-6)-A,63G=*6L)(=I1)*,A=2A)*V)1.6B@8�@@F9�-6L)=6L)*L.-1D6L)().�,-6)-A,63,A=2A)*V)1.6B888:FG=*6L)25/�A.+(/)A9<L)4L.-7),-6L)().��A,-6)-A,634.-2).66*,256)16=6L)(*)G)**)1=*,)-6.6,=-DIL)*)6L)4*3A6.//,6)AB,-.(=/34*3A6.//,-)+.6)*,./F./,7-,-.A()4,G,44*3A6.//=7*.(L,4(/.-)15*,-76L)G.2*,4.6,=-(*=4)AADA54L.A4.A6,-7DA,-6)*,-7D����}M�}HX5*,-7CJCDy-(=I1)*,AA52�)46)16=L,7L6)+()*.65*).-1(*)AA5*)D.-16L),-1,V,15./(.*6,4/)AA6.*62=-1,-7.-11)-A,G3,-79X5*,-76L,A(*=4)AAD6L)4*3A6.//,6)A+.3*)=*,)-66L)+A)/V)A,-.A()4,G,4G.AL,=-9C)V)*./G.46=*A,-4/51,-7A,-6)*,-74=-1,6,=-AD(.*6,4/)�d�Z  ¡¢£¤¤¥¤¦§̈§¢©ª«¤¬¥¢ª«­¢«®̄ ¥¬£¦§­­°«±¥¤¦©°§¬«ª®°«̈«¦̄ «²©°§³¤®«±́ §ª£©µ£¶̈«±§ª£¤́ µ·¶°¥¦°§ª¬£¦¤¥²¥¢£©¥«¤­̧µ¢¶¹£ª©¥¢̈§­¥º§¥́­©ª¥·»©¥«¤®̈«©­°«±¥¤¦©°§£¼§ª£¦§ §́¤­¥©̄ «²©°§³¤®«±́ §ª­½£¤́µ́¶¾¿ª£̄ ¥́Àª£¢©¥«¤®£©©§ª¤«²©°§³¤®«±́ §ª­°«±¥¤¦©°§®ª§­§¤¢§«²©°§°§Á£¦«¤£̈̈ ¢̄̈«­§́ ®£¢Â§́ ­©ª»¢©»ª§̧

�d�ZÃ ¹̈«©­°«±¥¤¦©°§­®£ªÂ®̈£­¬£­¥¤©§ª¥¤¦¢̄¢̈§­«·­§ª¼§́ »́§©«®¥­©«¤ ¥́­®̈£¢§¬§¤©£¤́ ©§¬®§ª£©»ª§£­£²»¤¢©¥«¤«²©¥¬§²«ª©°§³¤­£¬®̈§­̧

ÄÅÆÇÈ ÉÅÊÇÈËÅÌÍÎÏÐÅÑÒÇÍ
ÓÔÕÖ�×ØØÕÙÙ�×ÚÛÜØÝÕÞ�ßàá

ÝÜÙâÕã�äÖ�åæ�×ÔÚÜÝ�çèçéÞ�ê
äëÖÝäìãÕã�äÖ�æíçîíçèçé�

ïðéæðèî�×ñÞ�
�òâÜÙ�ìÚÛÜØÝÕ�ÜÙ�ÝÜØÕÖÙÕã�àÖ

ãÕÚ�ì�óÚÕìÛÜôÕ�óäõõäÖÙ
�×ÛÛÚÜáàÛÜäÖö÷äÖóäõõÕÚ

ØÜìÝ�øÞè�ùÖÔäÚÛÕã�úÜØÕÖØÕ
Þ ûüýþ����ü��ý����ü�ý
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()*+,)-)./0(12,34523-617)*(385)402))-54.*38109:;<02343771288,1+*171**16)*5148385)46=*54.+*)21>>54.?@5(5-3*-/06=*54.23>854.0A,14()-814(381*53->)-565751>548)3+)-/B2*/>83--541>8*=28=*108,12))-54.*381346>)-565752385)42)465B85)4>234547-=14218,13-5.4(148)72*/>83--).*3+,52+-341>A58,548,141A-/7)*(16.*354>?C4(381*53->A58,3D;E>8*=28=*108,1.*354>+*171**16)*5148385)45>F3>16)48,15*;GH*385)0346I4,3>3;GH*385).*1381*8,34J?KLL?M,1*17)*108,1F3>3-+-341NOOOPQ5>+3*3--1-8)8,1>=*7321?KRSTU VWXYZ[\ZW][̂ZW_̀[̂M,1aB*3/81b8=*1.)45)(181*A3>=85-5c168)(13>=*18,1F=-d81b8=*1)7F)8,8,13>B23>8346@e@>3(+-1>?M,1@2,=-c*17-12B85)4(18,)6A3>=>168)(13>=*18,18)83->5b+)-175.=*1>?M,1F3>3-fOOOPg0+*5>(3852fJOJOg0346fJJPOg+)-175.=*1>3*1>,)A454h5.?i?M,1fOOOPg+)-175.=*1>,)A>8,1,5.,1>8(5>)*5148385)4*346)( 65>8*5F=85)4fjklgm3-=1)7nJo7)*8,123>8>3(+-10F=858*16=21>8)nL7)*8,1@e@I4>3(+-1?C48,13>B23>82)46585)408,1fOOOPg+)-175.=*1>,)A>>-5.,8-/)pBF3>3-)*5148385)4A58,)8,1*81b8=*12)(+)4148>0A,1*13>548,1@e@>3(+-1023481*16F3>3-)*5148385)4A58,-)A1*54814>58/5>)F>1*m16?l=*54.@e@08,1*3+56,13854.3462))-54.2/2-103-)4.A58,8,13++-52385)4)7+*1>>=*10-136>8)*12*/>83--5c3B85)40.*354.*)A8,0346+-3>852617)*(385)4?M,1>1+*)21>>1>81468)65>*=+834/545853-81b8=*1+*1>148548,1>83*854.+)A61*?M,1=457)*( )*5148385)432,51m166=*54.@e@234

2)48*5F=818)3()*15>)8*)+52(52*)>8*=28=*1346(12,34523-+*)+1*851>?M,15481*61+14614218,1)*/>=..1>8>8,3875413461q=53b16.*354>)F8354166=18).*354*17541(1486=*54.>5481*54.>,)A3A13d81b8=*1?Lr0oOSTs tù]v̂Z]WuZW]wXuxw]wuZ[]̀ywZ̀vzM,1>=*7321()*+,)-)./)78,13>B23>8346@e@>3(+-1>A3>2,3*3281*5c168,*)=.,)+8523-346>234454.1-128*)4(52*)B>2)+/03468,12)**1>+)4654.5(3.1>3*1+*1>1481654h5.?r?{4)4B=457)*((52*)>8*=28=*103-)4.A58,3>5.457523484=(F1*)78A54>f/1--)A3**)A>g05>)F>1*m16548,13>B23>8>3(+-1>fh5.?rf3g346fFgg?h=*8,1*()*10>)(17541.*354>3*1)F>1*m16A58,548,12)3*>1.*354>f*163**)A>g54h5.?rfFg0A,52,(3/F16=18)*12*/>83--5c385)4?h5.?rf2g346f6g5--=>8*3818,1(52*)B>8*=28=*1)78,1@e@I4>3(+-1>?M,1>3(+-1>A1*1>5481*16361q=381-/03>8,1*1A1*14)m5>5F-1>5481*54.617128>f-5d12*32d>346+)*1>388,12)4>561*16(3.45752385)4g03468,=>08,1614>58/)78,1@e@I4>3(+-1>>,)=-6F12-)>1*8)8,18,1)*18523-614>58/f|}o?J.22~Jg?�4,34216614>5752385)46=*54.8,1@e@+*)21>>5>388*5F=8168)8,1+-3>852617)*(385)4)7+)A61*+3*852-1>3468,13++-52385)4)7F)8,81(+1*38=*1346+*1>>=*16=*54.8,1>5481*54.+*)21>>?{22)*654.8)�,35(9:H�<0oJ3>8,13++-516>8*1>>*132,1>8,1/51-6>8*14.8,08,1614>5752385)483d1>+-321F/+-3>852617)*(385)4?e)A61*+3*85B2-1>5c1>5.45752348-/547-=1421>614>5752385)40A58,-3*.1*+3*B852-1>=461*.)54.+-3>852617)*(385)4=461*1b81*43-+*1>>=*1A,5-1>(3--1*+3*852-1>(1-83461m3+)*381-)23--/6=*54.8,1+*)21>>?oPM,1(52*)>8*=28=*13++13*>8)F13*1.=-3*3**34.1B(148)7-3*.1.*354>f25*2=-3*>,3+1g)7=457)*( >5c1?oLM,1-3*.1*.*354(3/2)48354>)(17541*.*354>3-)4.A58,8,15*F)=463*51>2)4>561*168)F1>=FB.*354F)=463*51>?M,161835-16>5481*54.(12,345>( 3468,11p128)78,1+*)21>>+3*3(181*)48,1(52*)>8*=28=*1234F11b+-354163>7)--)A>�8,13++-516,13854.*381)7rO��(54~J6=*54.8,1>12)46>83.1)7>5481*54.f7*)(rO��8)LOO��g546=21>34)4B1q=5-5F*5=(2)46585)40+*)()854.8,17)*(385)4)77541*12*/>83-B-5c16.*354>A,5-1(545(5c54.8,1.*354.*)A8,?�)23-5c16�)=-1
����� ���������������������������������������������������� �������¡��¢¡�������������£����¡����������������¤���¡�����¥¡�����¦§§§̈©ª¦«§«§©ª���¦««̈§©¬ ����­ ¦�©���¦ ©®¡�� �����¦�©���¦�©� ��������� ������ ��� �¡������������̄ �� ���¡�������� ������¦�©���¦�© ���������¦ ©���¦�©�¡��¢¡��������������¡�� �����¬

����° ±���������²�� ����¡������������������ ��³�� �̄� ¡�¤������������¢£����¡�������� ���������� ��������� �́́ ¡�� �����¬
µ¶·̧¹º¶»¼½¾¿¶ÀÁ̧¼ Â¶Ã̧¹

ÄÅÆÇ�ÈÉÉÆÊÊ�ÈËÌÍÉÎÆÏ�ÐÑÒ
ÎÍÊÓÆÔ�ÕÇ�Ö×�ÈÅËÍÎ�ØÙØÚÏ�Û

ÕÜÇÎÕÝÔÆÔ�ÕÇ�×ÞØßÞØÙØÚ�
àáÚ×áÙß�ÈâÏ�

�ãÓÍÊ�ÝËÌÍÉÎÆ�ÍÊ�ÎÍÉÆÇÊÆÔ�ÑÇ
ÔÆË�Ý�äËÆÝÌÍåÆ�äÕææÕÇÊ

�ÈÌÌËÍÒÑÌÍÕÇçèÕÇäÕææÆË
ÉÍÝÎ�éÏÙ�êÇÅÕËÌÆÔ�ëÍÉÆÇÉÆ

Ï ìíîï�ðñòíóôî�õöôíöî
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̂OOO_̀*0)-)*028/*0*22)2+3+()4;06*1)>W,.>[P7S*-5P)S4(3I+().0*,-73;-5*0,)44;/)0,H/34)5,H*.)a;*2,+8P\bSH*/630+()7;2XV-4*H/2)4>J()72;)2,-)4,-+()\b H*/4,-5,1*+)(,.(K*-.2).0*,-73;-5*0,)4PcTdZ4SI,+(*-.2)4)=1))5,-._Ne<I(,2)0)5*-5.0))-2,-)45)-3+)23IK*-.2).0*,-73;-5*0,)4PfTdZ4S1(*0K*1+)0,G)578*-.2)47)23I_Ne>J()*4K1*4+4*H/2)5,4/2*84*03;-5gghfTdZ4<I(,2)+()EFE4*H/2)4(3I4i_NhfTdZ4>j3+*728<,-+()EFE4*H/2)<fTdZ4/0,H*0,28*//)*0,-4;7K.0*,-4I,+(,-13*04).0*,-4<I(,2)6,-).0*,-4+)-5+37)0)2*+,9)2860))36fTdZ4>J()EFE4*H/2)4(*9)4H*22)0.0*,-4

Pi_UkHS13H/*0)5+3+()*4K1*4+4*H/2)Pi_NOkHSI,+(H30)cTdZ4>T0)*4I,+(6,-)K.0*,-0).,3-44(3IH30)cTdZ4</344,7285;)+3+()4+0*,-)513-1)-+0*+,3->J()+0*-4,+,3-603HfTdZ4+3cTdZ4,47)2,)9)5+3311;0H*,-285;0,-.58-*H,10)1084+*22,G*+,3-<I(,1(,4+0,..)0)578+()13H7,-*+,3-36*//2,)5/0)44;0)*-5+)H/)0*+;0)374)09)55;0,-.+()EFE/031)44>c)-1)<*7,H35*2.0*,-4+0;1+;0)1(*0*1+)0,G)578+()13)=,4+)-1)3673+(13*04)*-56,-).0*,-4,4374)09)5>l-+()3+()0(*-5<+()*4K1*4+4*H/2)4)=(,7,+*/0)53H,-*-+2813*04)0.0*,-I,+(/03-3;-1)5+I,-630H*+,3->J()4)5,:)0K)-1)4,-+()H,1034+0;1+;0*21(*0*1+)0,4+,147)+I))-+()*4K1*4+*-5EFE4*H/2)4(,.(2,.(++()5,4+,-1+9*0,*+,3-4,-+()/031)4K4,-.H)+(354*-5+()0H*213-5,+,3-4m9*0,*+,3-4374)09)55;0K,-.+()0)4/)1+,9)H*-;6*1+;0,-./031)44)4>n(,2)+()EFE/031)446*1,2,+*+)458-*H,10)1084+*22,G*+,3-*-5.0*,-0)6,-)KH)-+<+()*4K1*4+4*H/2)40)+*,-*13*04).0*,-4+0;1+;0)I,+()9,5)-++I,-73;-5*0,)4>opq rstuvwxtvyzs{zxw|W,.>?5)/,1+4+()13H/0)44,9)4+0)44A4+0*,-*-54+0*,-A(*05K)-,-./23+436+()*4K1*4+*-5EFE4*H/2)4>J()8,)254+0)-.+(PO>}h FE<~ES374)09)5630+()EFE4*H/2)I*44,.-,6,1*-+28(,.()0P__N�@BF*S+(*-+(*+36+()1*4+4*H/2)P[O�_[BF*S>c3I)9)0<+();2+,H*+)13H/0)44,9)4+0)-.+(P�DES374)09)5630+()*4K1*4+4*H/2)I*463;-5+37),-+()0*-.)36}?@�g?BF*<I(,1(,4(,.()0+(*-+(*+36+()EFE4*H/2)4P_U_�[BF*S>J(),-10)*4),-+()~E36+()EFE4*H/2),45;)+3+()630H*+,3-36H,103-*-54;7KH,103-.0*,-5;0,-.+()EFE/031)44>J()4+0)-.+()-,-.H)1(*-,4H5;0,-.EFE1*-*2437))=/2*,-)5I,+(+()()2/36c*22AF)+1()a;*+,3-*11305,-.+3I(,1(6,-)*-5;-,630H .0*,-4366)0(,.()04+0)-.+(*413H/*0)5+313*04)K.0*,-)5*4K1*4+4*H/2)4*4)=/2*,-)57)23I��8,)25��O����_m} PgS�8,)25� ��_m} P@SI()0)�8,)25,4+()8,)254+0)-.+(36+()H*+)0,*2<�O,4+()2*++,1)60,1+,3-4+0)44<�,4+()c*22AF)+1(13)66,1,)-+<*-5�,4+()*9)0*.).0*,-4,G)36+()H*+)0,*2>J().0*,-4,G)/2*84*10;1,*2032),-5)+)0H,-,-.+()8,)254+0)-.+(36H*+)0,*24>E/)1,6,1*228<*6,-)0.0*,-4,G)Pi_UkHS)-(*-1)48,)254+0)-.+(Pi__NBF*S<I()0)*4*13*04)0.0*,-4+0;1+;0)<4;1(*4,-1*4+V-Pi_NOkHS<0)4;2+4,-23I)08,)254+0)-.+(>J(,4311;047)1*;4)H*+)0,*24I,+(
����� �������������������������������������������� �����¡����¢���£� ���¤¥¦§̈©�¢�ª�©� �«�����¬¤¥­̈ ©�¢�ª������ ������®�������������¢����£���¤�̈̄ ¤�̈ ��°�������¤�̈ ¤̄£̈�¢���¢���©�����������©¢���ª���¢����¡��¬± ����² ¤�̈³�����©¢�����¡�������������������¤�̈�������������� ����µ́¶������¢����£���������·���©¢���£����������¬������ ����¢���¢���©��������� ±

¹̧º»¼ ½¹¾»¼¿¹ÀÁÂÃÄ¹ÅÆ»Á
ÇÈÉÊ�ËÌÌÉÍÍ�ËÎÏÐÌÑÉÒ�ÓÔÕ

ÑÐÍÖÉ×�ØÊ�ÙÚ�ËÈÎÐÑ�ÛÜÛÝÒ�Þ
ØßÊÑØà×É×�ØÊ�ÚáÛâáÛÜÛÝ�

ãäÝÚäÜâ�ËåÒ�
�æÖÐÍ�àÎÏÐÌÑÉ�ÐÍ�ÑÐÌÉÊÍÉ×�ÔÊ

×ÉÎ�à�çÎÉàÏÐèÉ�çØééØÊÍ
�ËÏÏÎÐÕÔÏÐØÊêëØÊçØééÉÎ

ÌÐàÑ�ìÒÜ�íÊÈØÎÏÉ×�îÐÌÉÊÌÉ
Ò ïðñò�óôõðö÷ñ�øù÷ðùñ
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̂L_̀a4-9,(4-*/08,1*2/6-903,-<6)=-,((/60@R041,BCB(*)=+,:41,(4-*/01*-3,0/0.-*4,3,<-,*(,(-*=/3+5;/41/0<-,*(/0.(4-*/0:;1,-,*(/041,*(S<*(4<603/4/60:/4-,*<1,(41,=+*4,*9@P1,,F4,03,3(4-*/01*-3,0/0.8,1*2/6-/041,*(S<*(4(*)=+,)/.148,39,4641,=-,(,0<,6741,
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M.K. Yadav, R.H. Shukla, L. Xi, Z. Wang, K.G. Prashanth, Metallic multimaterials fabricated 
by combining additive manufacturing and powder metallurgy, Journal of Composites 
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<~I�B�@<�><Xb̂llMlN<QaQbWPUl<]MbPUSbU_x[QlQPNx<mMS_QPSMqQ<S_QbWPUSbU_xmMqMmÔa<bUlSWMWOQlWS<_PQSQlW<Ml<WTQ<]QŴaaMb<]OaWM] ŴQPM̂aS<cZZZSn�<cE_USMWQijM]QŴa<bU]_USMWQk<c�n<dMefaghtZNtfa<bU]_USMWQiWPM]QŴa<bUZNtdMtLQ<bU]_USMWQi]OaWM] ŴQPM̂a<bU]_USMWQo<��\<]Q̂SOPQ]QlWS<VQPQ<bUlmObWQm<Ul<WTQSQ<ZZZ<bU]_USMb̂WMUl<jQWVQQl<WTQ<mM|QPQlW<PQMl̀UPbQ]QlW<_UVmQPS<̂W<WTQMP<MlWQP̀���������� ����.�(��������������4/3����./���4����&��4��������4/ �� � 4��!�"��.�!�����&��6 (�������6����4���������!���� ((���6(��� ���� (�*---�,�*�,+��1(�2'-.---���4������)���� (���4������*�,+��1(�2'-.'1(���4������������ (���4������ ��*�,+��1(�2'-.'+�'5����4�������6(��� ���� (���4�����$����� �6�������"�������6�������!���---���4���������& (6 ���!��� �'����)��"����!�����������������������4�"���� ��!��������� �� ���!��������������3� ���#������ ��$+!��������� �����4 ���������!���---���4������*+��1(�23-.�+��1(�23-.31(� ��+��1(�23-.31(35�, ���!�"���5�.6�� $+!�+��1(�2���6��6��� )��� ���)/;¡¢5�!�"��!�4���������£¤'+��� �����������������6��6����&���!�6.!+��1(�2�� �£¥¦���4�������§̈ 3̈©ª$+!����4(�#�����4( /�6���.!� ��#�� ����� (��.�������������������*���(6���.����6���������&������� ��� �� ����,"��!���������� ���(� ���� ���4(�# �� �������4����������6��6�����!�;¡¢5'4��������� ����' (�§��3� ª$+!������ �����4 ��������!�+��1(�23-.---�!�"��!������ �����4� :���-. ��£«£¤'+�4! ����)��!�!�"��.¬	���/�� (���6��6��$+!��� (����./�644(����6���.�!��¡�4������� /4 ��� ((/��( #�!�+��1(�2��������6��6���"!���4 ��� (�� ��'���� ������£¤4! ����£4! ��� /� :�4( ��$%����)��!£ ��£¤4! ������#��� ����



����������	
����
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=xyz{|}=~�=VMG[[J[Y=EaEMHIO[=FJMIONMOL̀@E[EIỲ=PJNLEINJnE=NLEMHIONMOL̀=GIEG=FGLN=NDOQJ[Y=HDE=J[PJnJPAGa=MO[NHJHAE[HN=LIENE[H=J[=HDE=RSTU=VV@CJ@>A@qJ=FEHGaaJM=FAaHJFGHEIJGa=MOFLONJHEB=CDENE=www=MOFLONJHEN=GIE=NA]�EMHEP=HO=NJ[HEIJ[Y=GcHEI=HDE=IEJ[cOIMEFE[H=LGIHJMaEN=GIE=J[HIOPAMEP=HO=HDE=FGHIJK=LIEMAINOI=WH̀LJMGaà=cG]IJMGHEP=ANJ[Y=uwp]GNEP=LIOMENNENZ=dgR@geiB=s[=YE[EIGab=[O=J[HEIcGMJGa=IEGMHJO[=]EHQEE[=HDE=FGHIJK=G[P=HDE=IEJ[cOIMEFE[H=LGIpHJMaEN=JN=O]NEInEPB=CDE=G]NE[ME=Oc=IEJ[cOIMEFE[H=IEGMHJO[=]EHQEE[=HDE=FGHIJK=G[P=J[HEIcGME=��������$%�����-�)�%����1�%��'%���8����-���'���'�,�'��%���'%�������1��''(�+��-�(�����,��!�)%��'���!���'���'������(�.�/0$$8&�8 !8��1���))�%1!)��1������)%�1��'���#&(�'�999%�1��'���'���'!2��%�����'�������-������(��������%�1��������%)�'���������!%�����(�1����<���%!�'�������%�))���2��%����!'��-69;2�'�����%�''�'"��.8���#4�-�����)����������%��)���%����2��+����(�1����<����(��������%�1��������%)�'�'�2'��,��#&(��2'��%����������%�1������%����2��+����(�1����<����������%���999%�1��'���'1��2������2!������(���))�+��-�&(��������%�1��������%)�'������!%�������(�1����<���%!�'�����)��'�)���%5�����1�'����(����''!�����)����!���-�(�'�������-���%�''�'!��)��������(�%��'�)����������(���+��������%)�'#4�����������(���1�����!�����)����!���-�(�'�������-���%�''+�))2��!���)�+����(���1���'�������-�'���'(��������1������%����2��+����(���+����������%�1��������%)�'����(�1����<���(��������%�#&(��������%��)���%����1��2������!�%�������<������'�������-��1�1��2��������+��(,���(�-('�������-��1�����!��'�%)�'����(�1�)���-��������(��������%�1���1������)"���8�� �#4��(�''�!����(����'�2�)�����1��!��%�!���-999%�1��'���'2�%�12����-69�03¡:"���39�$3$"+�'��1��'������#$�,���)999%�1��'���'�2�1���)¢&�/6)�789-����1���)¢&�/6)�789-86)����1!)��1������)'¢&�/6)�789-86)8:����.�/0$$¢ !8:�8&�"+�����2��%����#4��))�(�'�%�12�������'�(�����''+�'��5���'�(�,�����-��%������'��!'����)(�����'',��������%��2��2;'��,�����(�&�/6)�789-86)8:�999#$�1�)��)��999'+��(��(��,�����-���������'�)�5�%���!%��,����%����'�������2�)�-����%#"1��2���2��%����2�%����!))�'�)�%���-�(�%�1��'��������(��������%�1����'"���1����<#&(�'��!%�!�����(�1����<1���)'�2�1���£����������-���(����);��1����)�%�����#*��%���(����'���'�!���'���'��1�������2��%����-��<�;-��������������,�)999%�1��'���'+��(1!)���)�%�1��'�����'#¤�¥¦§̈©�ª�¦§ª&(����'���1��!'%�������)'+��(�(���2��%�������&�/6)�789-«6)«:����.�/0$$«&�« !«��999'2�%�12����-69�03¡:"���39�$3$"��%(���!�'#&(���'!)�''(�+�(���(����'���������%��)���%����2��+����(�1����<����(��������%�1������2��+����(�����������������%�1���%�1��'�����'#¬%%�'����))�2��+����(��+�����;���%�1����������%�'1�<��-����+��������%)�'1��2��2'��,���(�����'�'�!���-�(���+���������!%�������%�''2�����%��'�)�������#&(�(�����''���£)�'(�+'�'��!'����),����������(�����''�!����(���'���2!�������(�����������������%�1��������%)�'����(�1����<���%!�'��#&(����'���'�!������'�(��,��!�����2��%����-999'+��(���������%�1��'�����'�+(������,��'�1������)���������'���!����#



����������	
����
����� ������������������������ !"�#$%&'()*+,)'+�#�-./.�0.1.)#23.4.5.67%'8�2�*�9:�;.3.<.�=.>.)#23.4.5.6?)*+2)'+�#�-./.�0.1.)#23.4.5.6��@7)*)#)*:A+A�;.3.<.�=.>.)#23.4.5.6+#?%A'+9)'+�#�;.3.<.�=.>.�-./.�0.1.)#23.4.5.6@%A�(@$%A�-./.)#23.4.5.62)')$(@)'+�#�;.3.<.)#2=.>.6B@+'+#9C�@+9+#)*2@)�'&@%&)@)'+�#�;.3.<.�=.>.�-./.)#20.1.6B@+'+#9C@%?+%B)#2%2+'+#9�3.4.5.6A(&%@?+A+�#�3.4.5.6&@�D%$')27+#+A'@)'+�#�3.4.5.6�(#2+#9)$E(+A+'+�#�-./.�0.1.)#23.4.5.F**)('8�@A8)?%@%)2)#2)9@%%2'�'8%&(G*+A8%2?%@A+�#��'8%7)#(A$@+&'.H��I��J!K8%&@%A%#'@%A%)@$8B)A&)@'+)**:A(&&�@'%2G:'8%L)'+�#)*L)'(@)*>$+%#$%M�(#2)'+�#��"8+#)NOPP�OQ�PR)#2A&%$+)*�(#2��S+)#9A(5@�?+#$%>$+%#$%)#2K%$8#�*�9:5*)#NT0P�P���UR.VW�W�XW�YW��Y��Z[�W�\]\��!̂ )')7):G%A8)@%2�#@%)A�#)G*%@%E(%A'A.���_�̀� �ab��\�\ �!K8%)('8�@A2%$*)@%#�$�#c+$'A��+#'%@%A'.d\a\�\�̀\ �. 3)'+:)@�L.3.64�%*�4.6e)B+�>.64�%*�>.L)'(@%fg#A&+@%2;)'%@+)*Ahi7%@9+#9K@%#2A)#25@�A&%$'A.jklm�
nonpqr����s�tu�Ov.w"@�AA=%�xP. -+�<.6-+(�<.6-+�=.6T)+�e.608(�0.608(�-.608(�".6"8%�0.6-+(�e.61)#9�S.6%')*."�**)9%#fT)A%2T+�7)'%@+)*A��@T�#%K+AA(%i#9+#%%@+#9.onpqr�yq�����s�zt{������U.w"@�AA=%�xQ. -%|):�-.6i9)#�T.>ei--Mg>eN;}--~>">FL̂ "=~>KF"iFR�"8)@)$'%@+A'+$A��'8%4@�(&A.g#��	�	���q�
n������o
	r��
�����6i*A%?+%@hF7A'%@2)7�K8%L%'8%@*)#2A��UUU6&&.�UUQ�P���.w"@�AA=%�x�. 3+%@2�@��~.6>'���%*A�̂ .63+%@2�@��e.i*%7%#'"�#$%#'@)'+�#A)#2i*%7%#'=)'+�A+#F#'*%@)#25%2+$*%T�#%��<%)@*+#9=%2%̂%@N"%@?(Ai*)&8(AR>')9ACF�()#'+')'+?%/f=):M*(�@%A$%#$%>'(2:.�
����rn	q��q���q����s��t�z��P���QQ.w"@�AA=%�xO. ;�98)22)7�F.T.6L)7?)@�M.6;�#+@+�;.6K)8+@�5.;.6F,+,+�>.6;�8)7)2�=.L)#�&)@'+$*%AT+�A:#'8%A+,%2G:M(#9+)#2<%)A'hF=%?+%B��K8%+@5@%&)@)'+�#�5@�&%@'+%A�)#2;%2+$)*F&&*+$)'+�#A.o��q	��q���s
�z{��vO��.w"@�AA=%�xv. T)#2:�&)28:):�F.6K@)�%*�3.̂.6T�A%�>.L)'(@%fg#A&+@%2;)'%@+)*A)#2>'@($'(@%A~A+#9Q̂ 5@+#'+#9.onpqr��	
�������q�����s�t������v�U.w"@�AA=%�xw5(G;%2x�. e%@,�9�̂ .6>%:2)�|.61:$+A��i.6i77%*7)##�".F22+'+?%;)#(�)$'(@+#9��;%')*A.m	pnonpqr���s��tt��Q���QUP.w"@�AA=%�x�. %̂G=�:�K.61%+�e.-.60(G)$��S.>.6;(�8%@D%%�K.6i*7%@�S.1.6;+*%BA�+�S.}.6T%%A%�F.;.61+*A�#fe%+2�F.6̂ %�F.608)#9�1.F22+'+?%;)#(�)$'(@+#9��;%')**+$"�7&�#%#'AC5@�$%AA�>'@($'(@%)#25@�&%@'+%A.kr���onpqr��	
���s���z���P�PP�.w"@�AA=%�xU. FG�(*�8)+@�L.K.6>+7�#%**+�;.65)@@:�-.6FA8$@��'�g.6K($��".6e)9(%�=.Q̂ 5@+#'+#9��F*(7+#+(7F**�:AhF22+'+?%;)#(�)$'(@+#9��F*(7+#+(7F**�:A~A+#9>%*%$'+?%-)A%@;%*'+#9.kr���onpqr��	
���s��t{�����O��.w"@�AA=%�x��. -+�>.6<()#�>.608(�S.61)#9�".6-+�S.608)#9�1.F22+'+?%;)#(�)$'(@+#9f̂@+?%#̂ %A+9#}&'+7+,)'+�#hT(+*2+#9̂ +@%$'+�#)#2>'@($'(@)*K�&�*�9:.m��
p�on���������u�������v.w"@�AA=%�x��. 3�@&%*)�;.6=++��#%#�L.65++*+�e.6>)*7+#%#�F.6L:@8+*��}.F22+'+?%;)#(�)$'(@+#9C5)A'�5@%A%#'�)#2'8%M('(@%.g#�q	��
	n���	����
	n����	
qpn����q	p���on���n	p�r
����{65)*9@)?%;)$7+**)#h"8)7�>B+',%@*)#2�P�P�6&&.�����.w"@�AA=%�x�P. 4+GA�#�g.6=�A%#�̂.6>'($�%@�T.m��
p
�qon���n	p�r
���q	������
q��uykr
�p
����n�
�kr�p�p��
���n��y
rq	py
�
pn�on���n	p�r
���P#2%2.6>&@+#9%@hT%@*+#�e%+2%*G%@9�4%@7)#:�P��O6&&.���U�.w"@�AA=%�x�Q. -)*%9)#+̂ %,)�+�;.6>%@D�(%+�F.60�*�)98)@+)#�F.6M�'�(8+�;.6;�@)2+�;.6F@+� #�;.3.F.6T�2)98+�;.F=%?+%B�#F22+'+?%�>(G'@)$'+?%e:G@+2;)#(�)$'(@+#9��̂ +@%$'%2i#%@9:̂ %&�A+'+�#N̂î R5@�$%AA.m���k�¡�qronpqr������t�����O�.w"@�AA=%�x��. <���̂ .S.=%$%#'K@%#2A)#2"8)**%#9%A+#"�7&('%@fF+2%2 %̂A+9#��F22+'+?%;)#(�)$'(@+#9fT)A%2T+�7+7%'+$>$)���*2A)#2T+�)@'+ $+)*}@9)#A.¢�p���krq	
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�«�>�
�F��>E�6������
�FB����«
��
���F��E�B�6«��@
F��@F���CFLF�G������
��F



�������������	���
��
�������
���
��
�������������
�����	���
����������������������������
���������
���������������
�����
��������������
����	���	�����
��������������������������
�����
�
���	�����
���������	���
�������������������	����������������������
���������������
��	
�������������		����������
�
���
��������������
�����������
��
�������
������� ����������
����������
��	�����
�����!�����	��
�������������������
�����"��	����	�����	���������������
�	����	�����������
������������#$�%���&����	��
������������	������
�������������
���
����������
�'�����(�������
����	����
����������
�
���
������������
��	
�����
����
'�������������������
��������
����������	�����'�����)*��
�����������������
����
�������+
����,��	
���
�	
����������������
-��������	�.//�0���������
�����������
�
���
���������
�����
�)�����
�����	�1�
	�������������2
3/���4������
�
������
��������
������
�������������
����������'
����
�����
��
�����
�����������
�������
����������
3����5����*�����
�6�����������33���	����������	���������
7�8���������
���9�:������
����*�
�
��	�����������
�������������������/�;<�
�����������	��
��������
�������3:�
�������	������������������*
��������//�;<��=
�	����	�����������
��
������������������������������
�
������������������
��
����
�������
�
�
�����	��
����
�
�����
�����
���
�
����	�>�����������
�����������������;�����
���?;�@
�-
���?8�@
���	�
����?5�@������������	
������	
	�����
����
������������3.$3����;��
�������
������������
���	������
����
�������
)�������������	���������
����	�����������A<�
���
�����������������������������������������3#$3%���7�����������
�
������
	�������
���
������
����
�������
������������	������*����
���;�BC��������
�������������������������
����
�����
��
���	�����������
��������	�������������+�������������
���	����������������
����32$.����5����	�
����������������*�
�
���
�	����	��
�
������������	������������������������
�
��������
��'�
����	����������������
�������������������
����*
	���������.3
..�����
���������	����	��
���
������
����	��������������
����������������*
	�������
���
����
�
�������	
������
���������,��	
������5�'����	��������������������	�
����������������
���������*���	�	����
�	�
�������
-
����������	����������
����������
��������������	����	��
����������.3���<�������	�����
�'���������5�'����	�
������������������������	�
������������
���
���
��
��'�
���
����������	����������
����������
�����������������	����	��
�����	'	
�
������
����������������
������������5�������
������������
������������
���
���?;D&@
��
�
�
���
�����
�
������
�
����3.����������
�	����	�����������
�8������������	����������
���������������
������
���	������
�����	������	����	��
�������
������������
�������
�
�
��
���	���
�
����������������������������
����.�$.9���������������
�����������������
������	�
��E7���������
�
��������
���������
��
���	���-����
�����
�
��
�8�����������
��������
����
��������
��
�����������	�	�	�
���
���+�����������F	�������������	�%���F	��������������.3
.%���4������
�	���
���
����
����
�����	��������
�����������
���������������������8������
���
���G�
�����������	'����
����������	
������
���
�����.2
�/������		���������������������
������������������
������
�����������	����	������
�����*�'�������
���������
��
��������+��������
����'��������
���������������
����?&<H�@��&<H����������
>����������������
'������
���������
����
����
�������������������������������������
����������
������������+
���
������������	�������
����
�������	
���
����	����������������������������������+����	�����������&<H��
�����
��
���������������������	��	����!������
��������������	�������	����	��
��
���������
�
�������
������������������
���
��������
����
�����
�����	����	'����
��������
�
�����3$�����E���
���
���
���
���������������������
���
��
�'
���
��	�&<H�����
��������������������������	������'��������������
����������
���	�	������������������#$�%���������������������
������������������������������������
-�	�
���������'����	���������	���������
������
���
���1�*
�
�
�����2$���
�����
���
����
�
����������*�	��
����
��������
��������������
������
��
)����������������		
�
�������������
���?�;@��"����������
�
������������������'	��
���
���
�����������
������
����������
������������	������
�����	�����������
�
�+
����
����
�����������������3$�#���=�������
��������'���'����������
���
��
��;����������
���
���������
-�
������
���	�
����'�������
�
����������������������
���
���	��
����
������>�
��������������	'����
���
�����������
���������������
�����������������
��	
G�����������
�����
����������
���������������
������������	���+����;�����
'���������������
��	����������
����
��
���
�����"��	���������������

������
������������
��������
�
��
���	��
����'
�������
���������
�����9$#����4������
�����	������������������
'������&<H���
���;�
����
���
��
���������������
����������"����������������	�����
����'�����
�������
����'�������������
���	�
�������
�������
����������
������������'�����
�����
����������������
���������*
������
�����	��
����	��������
'���������������
���������������
�������
������
#���������������������+��
���8���������������
#�'8��;=;H���
���������
	��;���	�<;���'������
�������
�����	��
�����
���������������������&<H���=���	������������
���
������������	��������������
��
�;=;H�����������������	
�'�
���
���	������&<H���&<H������	�)��	�����
'����
������������
����
����
�������������
������������������������
������������	������'	
���'�
�����������+����	�����
�	����	���������	'����
����,�
���
)�����
�&<H������������������������������������������
�����������	��������
������'�����
����������
�����
�.E'
������������	����������������������
����'�����������,�������������������
���������
���	���������
�)�����
��'�����	�����������
��������������	��������������������������'�*
��
������������������������
*
�������
���
������
��������'	
����
�����
����'�������
�
�������������������&����������
���������������	����������
��
����	���	�
����������������������
*��
�����	�������������'����	�������
	��
���������
�����������������������
����
��
�,<,
����������
��
�����*����
��
������������
���������
���	
"�������	���������������
�)�����
����&�������������
������		�	�������	��������
����������������������
*�
�����������
��������������
���*���������
����������	���	����'���
	���	
��+
������������
�����������
����������
����H����>������
�����������
����	���������
������������������
�����������	�����
���
�����
���
�����&<H����	�����
�����	���������
)�	����������
������
�����
�����6�������������������
�������������
������	
�������������������������������
)������	����
��	����������
���
�����
���I������	
����
�������������������
*���	���
���������������������
�
�����������
���
������'���
-�	�������;=;H��92�����
#3��&�����������������	�����
#����*����������������������������
�������
��������������������
����	����������������8���
��
��
���
����'��������	��������������+��#.�����������
�����'���������
����������������
)�������������	����������������������
�����
��
������������	���������
���	���������"���
���8��������
������������������������
����&���
��	���������������'������������
��
���������������	��
����"��������*����
�������������'��'��
�������
�
������
�����������������
��
���	��
������������������
�
����#�
#����&���
������������	���*���������'�����������������G�
�������	�	
���
���
��
�
��������
���������
������
���	��
�
�
-��������
�����������
�����
���
�
���������
����������������#�$#9�����������������������������������������	
�
��������������'�����	�
�����
����
�������
���
�����������
��������'������
�����	�������������G�
������#%
#2�
����������������������
��	������
���
���
���	
����
�������	��
���	���������
���
�������
���������������9/
9����������*�����������������������������������
�
����������	'���������������
���������������������
�����
	
�������	��������������'���������������
"�������	�����������93���H������	��
�����	'����	�����
���
�����
�����'�������������������
����������*�
�
���������	�����
�
��
���	���	��������
�
�
�����������
-�	���
����
���	���
���
��
�'�����������	������
������	��
�����������
����������	�����
���������'������5����������
����
��
��������������
������
�������
����������
-�	�����
�������
"�������	����������������������
��������	
���	
����
��
���������������
��������������	�������
�������	'����
��������
�
�����
�����	��
��������"���
�����	�����
�����'��
�
����	
����
���
����������
'�
���
������������
��	
��������������
��������+����������������
'�������������
����������
��������������
������
�	����	��������	'����
���
�������
����
���
������
��������
���
�����������������+�������������������������+�
�������������������'	����	������
#�������
����������
���������������
��������������
�����������	��������������������
������
�	����	�������������=������
�
��������*���������
�'������
�
�
�����	�������
�������������������
#���
����������������	��
�	����	��
�
������8�
���
�����	���
���������
��������
#�'8��;=;H��
������
�'
���
��	�����
��������������������������'��������������������
�
����
��������
-�	
��
��'	����	����	����	��
����&����
��	��
��
�8�������
�������������
)�
�����������������	������	
��������
���
��
����
�'
���
��������
�������
�������
����
����
����)*��
��
���	���	��
���

JKLK�MNONPQ�LK�RSNPTTUVWXNSQ�YKZK�[\WV]N�T̂�N]K��������������������������������������������������������������������������������������������������������������������������������� _OPNÙTO�abc\̂�JN̂TSbN]d�e�fghgij�ekel
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FĜYb\
GbE[7

B-%5(2-+&3�&443-+&)-%.
'TU[W

ID7$-$
-�>%0(.�[<�5('*�j�4,

(''?,(3(''�
-.d3),&)-%.

B-%-.'4-,(2�%,)*%D%.&3
�

438>%%2
C-'*7'+&3(73-L(� &,+*-)(+)?,('

iYMN� t$A
77

S,+*-)(+)?,&3�2('-D.�1%
,�

+%54%'-)(
TUGW

B-%-.'4-,(2�2%?/3(7B%?
3-D&.2

iY[\� t$A
77

ID7$-S
I�j�4,(''?,(3(''�-.d3)

,&)-%.B
,-+L�&.2�5%,)&,

gE�r?1('+(.'
MFVEb��u��bEV�:t$A=

\UEY��u��GEF7
S,+*-)(+)?,&3�2('-D.�1%

,�
+%54%'-)(

TU\W
B%?3-D&.2

cE�A+833&,?'
M\FEF��u��UEF�:t$A=

\GEN��u��\EM7
J,%''(273&5&33(,

AE�;?,4?,&)?'
YYFEF��u��\�:t$A=

\\E\��u��FE[7
$-FG�j�J&A-c[S

I�j�A;A
$;IA�'+&e%32'

r(+)&.D?3&,
MNN��u��\�:La=

77
B-%5(2-+&3�&443-+&)-%.

'TUFW
;,-5-)-0(

\Y��u��Y
K&))-+(

MY��u��M
f8,%-2

[\��u��Y
g%.(8+%5/

bN��u��G
ID7$-$

-�>-,(�j�4,(''?,(3(''�-
.d3),&)-%.

7
`-,(2�5('*

UF
77

TUbW
$-7ODD'*(33S

I�j�A;A
g(Q&D%.&3�4,-'5

g%.(8+%5/
MY[��u��[G

Gb��u��Y7
TUUW

$-FG7H.S
I�j�+&')-.D

r*%5/-+�2%2(+&*(2,%.
J(33?3&,

VMENF��u��[EYM�:JsA=� VbEVb��u��\EGY�:$sA=
ME\G�:J=� [ENYM�:$=NEM\\

N
T[GW

$-FG7H.�IBIJS
I�j�A;A

J%.)-.?%?'�*(Q&D%.&3�
>&33g%.(8+%5

/Y
F\��u��Y\̂�YVY��u��Y\

7NEM\b
b

v
S//,(0-&)-%.'w $-FG�x�$-FS3GZ�&33%8y�$

;IA�x�$,-438�4(,-%2-+�5
-.-5&3�'?,1&+('y�SI�x�S

22-)-0(�I&.?1&+)?,-.Dy
�A;A�x�A4&,L�;3&'5&�A-

.)(,-.Dy�Ir�x�I&.?1&+
)?,-.D�,%?)(y�sÂtA�x�8
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U(V(�WXYX-Z�V(�[0X-\\+]̂_X0Z�̀(a(�bĉ]dX�\/�Xd(��������������������������������������������������������������������������������������������������������������������������������� eY-X+2\Y�f.gc/�UX/\0.Xdh�i�jklkmn�ioip

9:



����������	
����
����	�������	���	������

���������
���������
	����������
������������ !�����
���	�"� ���
��	����������
�����#$�%
������������������������
��%�"�%��&��%'�(
)��*��
�������
	����

�+�(")�
�%�(	)���
�����

��,	
�������

������������	������
�%�
������������
	�
����
���+�(%)�������	�����	��	��
���
�	���������������
	�-�(�)��

��,�%�*��������
�	����������
����
� ��.������	��������

����*�����
�
������
��������
����'�(�)�/�
� �

��,	
�������

����*�
���
���	�
�
��
��
�%�����
��
������
��%�	����
��+������"�����%�	
���
�����
�
�����	����
���0
����'12345�6��
"������������
�����%�
�
%
�����%
�
������7��
������������� 0��	�(���� !�)����
���	�"� ���
��	��������+���
�.���
��
��������%�!�+�
�%�"��.�����	��*���
���������%������
�������	�"
���
������
��������������
��%�"�%��&��%�
��
����	��������*
����
�����'��
����� ������8�%
�� ������$��%
�� ������#$�%
������ !��(9:9;) <'$=88��>��<'<$<< <'<?8#��>��<'<$<< <'<?�=��>��<'<@<<�A��!� <'$@#=��>��<'<?<< <'<B�=��>��<'$<<< <'<?=?��>��<'<=<<�C9�"��.����� < <'<<8#��>��<'<$<< <'<<<���>��<'<$<<

������D��E���
��%�������*�����	����	�����
����
��������������� 0��	�(���� !�)����
���	�"� ���
��	�������������
	��
�����#$�%
������������������������
��%�"�%��&��%'�(
)�E������
��%�����"������
	�����
����
�����F

��
������+�(")��������
���
����
�
���������� !��������
	�
����
���'

GHIH�JKLKMN�IH�OPKMQQRSTUKPN�VHWH�XYTSZK�Q[�KZH��������������������������������������������������������������������������������������������������������������������������������� \LMKR]QL�̂_̀Y[�GK[QP_KZa�b�cdedfg�bhbi

$@



�����������	
�
����
���������
�
�����
���	�������	����������������������������	����
������������������	��������
�
��
������������
��������������

��������

�����
��������
�
�
�
������
����������	����
�������������
��������������
��
�
���������� !���	
�	�������

�����������
�	��� �������
�
��������
"���
�
����
������

�
�������	����	��#
$%�&
�'(')�
��
�
��������
��*+��+�,�-
����$�����
����	��.
��/0�������������������������������������
�
����������
�
�����
�

��������	��������
��1����������
�
�����������2���
�

3456�786�9��



���������
��
���������
������
��������

���	�����������������������	��#
$:�%;�<

��=#
$%�&
>�������
���
�������������
���='(')>�������������������	����
���"����
����������
�
�����������=�>�?��������
���������

����	�����
����

���=�>������

"���
���������	��&
��
�	����
�
��=�>�	
�	������

"���
�
�
�����	
�	�
�	�

���	�������
��������������������
�	

�������
�
��
����=�/�>�#
$%�&
�

������������
@���
�����

"���
�
��

3456�7A6�B����
��������	�������������������������������������<��
���=C9#>�����������')�#��D�����������������

�E%�	��
���E�	���
�
�
�
������
�������=�>����
��=�>����������������
������)�����

�����	����
����������F�
�����	����
������������	������#	���
�

"��
���������
����F�
������G�H�H ��
��������I��H�H =J>�����I��H�H��=J>�����I��H�HH��=J>�����I��H�HHH��=J>��
�����K��H�H ��
�
��
�

"��
��=
�>��
�G���

LMNM�OPQPRS�NM�TUPRVVWXYZPUS�[M\M�]̂YX_P�V̀�P_M��������������������������������������������������������������������������������������������������������������������������������� aQRPWbVQ�cdê �̀LP̀VUdP_f�g�hijikl�gmgn
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