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Introduction 
The increasing prevalence of arthritis, accidents, and osteoporosis has heightened the 
demand for orthopedic implants that facilitate bone healing and restore disrupted 
healing processes (Stewart et al., 2019). These implants can be fabricated from metals, 
ceramics, polymers, or a combination thereof, depending on the specific requirements 
and location of the bone injury (Li et al., 2017). For load-bearing applications, the implants 
must exhibit biocompatibility, excellent corrosion resistance, and a favorable combination 
of mechanical characteristics including strength, fatigue resistance, Young’s modulus, 
ductility, and wear resistance (Geetha et al., 2009).  

Commercially pure titanium (CP-Ti) is an unalloyed titanium variant containing 
approximately 0.1–0.3% oxygen, depending on the grade. CP-Ti is known for its ductility, 
reduced elastic modulus (105 GPa) (Geetha et al., 2009), and enhanced biocompatibility 
and corrosion resistance compared to the commonly used Ti6Al4V alloy, making it a 
promising candidate for biomedical applications. However, there exists a significant 
challenge in orthopedic implant design related to Young’s modulus mismatch between 
metallic implants and human cortical bone. The modulus of human cortical bone ranges 
between 10 GPa and 30 GPa (Geetha et al., 2009). This mismatch can lead to a 
phenomenon known as stress shielding, where the implant absorbs more stress than the 
surrounding bone, causing bone resorption and necessitating revision surgeries. To address 
this, two main strategies have been explored: develop alloys with a lower elastic modulus 
(Sarraf et al., 2022; L.-C. Zhang et al., 2016) and design porous materials that can mimic 
the mechanical properties of bone (Lopez-Heredia et al., 2008). Recent advancements in 
additive manufacturing (AM) have revolutionized the production of orthopedical 
implants, particularly in the development of porous structures. AM allows for the precise 
control of porosity, enabling the fabrication of implants that can be customized to meet 
patient-specific requirements. The incorporation of porosity into implants can significantly 
reduce their density and modulus, thereby reducing stress shielding (Gokuldoss et al., 
2017; S. Liu & Shin, 2019; X. P. Tan et al., 2017). However, the inherent bio-inertness of 
titanium-based implants limits their functionality, particularly in terms of bioactivity and 
the ability to integrate seamlessly with bone tissue.  

On the other hand, ceramics, particularly bioactive ceramics like calcium carbonate 
(CaCO3), have garnered attention for their biocompatibility, bioresorbability, and ability 
to promote osseointegration. CaCO3 is naturally found in bone alongside hydroxyapatite 
and collagen, making it a suitable candidate for bone repair applications. Furthermore, 
CaCO3 offers the advantage of releasing therapeutic ions, such as Ca+2, during degradation, 
which can enhance bone healing and offer antibacterial properties (Kumar et al., 2015; 
Vuola et al., 1998) Eggshells, a common waste in the food industry, are rich in CaCO3 
(94–95%), along with traces of other minerals (Cree & Rutter, 2015; Hincke et al., 2012; 
Mahdavi et al., 2021; Zaman et al., 2018). Despite their potential, eggshells are largely 
discarded, posing environmental challenges due to the release of harmful gases during 
decomposition (Freire & Holanda, 2006; R. Shukla et al., 2023; Tangboriboon et al., 2012). 
This research aims to valorize eggshell waste by incorporating it into orthopedic implants, 
thus addressing both environmental concerns and the need for sustainable materials in 
biomedical applications. However, the brittleness of ceramics poses a significant challenge, 
particularly in load-bearing applications, where mechanical failure is a critical risk (Chu 
et al., 2006; Kumar, Dhara, et al., 2013; Kumar et al., 2015; Kumar, Webster, et al., 2013). 



12 

Considering these challenges, this research explores a novel approach to developing 
biocomposites that combine the mechanical strength of metals with the bioactivity of 
ceramics. Specifically, this thesis investigates the potential of utilizing eggshells in 
combination with Ti-based structures, fabricated using a hybrid method (laser powder 
bed fusion (LPBF) and spark plasma sintering (SPS)). The innovative aspect of this 
research lies in the utilization of CaCO3 from eggshells – a readily available and sustainable 
resource – into Ti-based implants, thereby contributing to a circular economy and 
promoting green manufacturing. The proposed Ti-eggshell composite not only aims to 
harness the bioactivity and antibacterial properties of CaCO3 but also seeks to overcome 
the limitations of current Ti-based implants, particularly their susceptibility to bacterial 
infections. Implant-associated infections (IAI) remain a significant challenge in orthopedic 
surgery, often leading to implant failure and necessitating further interventions (Ul Haq 
et al., 2024). By integrating CaCO3, which exhibits inherent antibacterial properties, 
the composite material developed in this study aims to reduce the risk of IAI and enhance 
the overall longevity and performance of the implant. 

The objective of this thesis is to advance the development of sustainable orthopedic 
implants by integrating green manufacturing practices and circular economy principles. 
This study aims to address the challenges associated with traditional Ti-based implants, 
which often suffer from issues such as poor interfacial bonding, and stress shielding. 
Additionally, the present thesis explores the integration of AM techniques to fabricate 
these bio-implants with tailored porosity and mechanical properties combined with 
powder metallurgical techniques.  

The primary focus of this thesis is to produce a bioactive, antibacterial, and natural 
bone-mimicking composite. The thesis starts with a literature overview of the materials 
and processes used in this thesis followed by an experimental method. Chapters 3 and 4 
elaborate on the structure-processing-properties of the Ti6Al4V and CP-Ti manufactured 
by LPBF. Chapter 5 emphasizes the optimization of the densification of eggshells by SPS. 
The combination of Chapter 4 and Chapter 5 by producing a Ti-eggshell composite is 
elaborated in Chapter 6. The produced composite was tested for mechanical and biological 
testing.  
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Abbreviations  
ACP Amorphous calcium phosphate 
ADSCs Adipose-derived stem cells 
AM Additive Manufacturing 
ASTM American Society for Testing and Materials 
ATR Attenuated Total Reflection 
BCC Body-centred closed-pack structure 
CAD Computer-Aided Design 
CFU Colony Forming Units 
CP-Ti Commercially Pure- Titanium 
CRSS Critical resolved shear stress 
DI De-ionized water 
EDS Energy Dispersive X-ray spectroscopy 
ES Eggshell 
FTIR Fourier Transform Infrared Spectroscopy 
GND Geometry Necessary Dislocation 
HAp Hydroxyapatite 
HCP Hexagonal closed-pack crystal structure 
HSD Honestly significant difference 
IAI Implant associated infection 
IFT inverse fast Fourier transformation image 
LDH Lactate dehydrogenase 
LOF Lack of Fusion 
LPBF Laser powder bed fusion 
PBS Phosphate Buffer Solution 
SAED Selected area diffraction pattern 
SEM Scanning electron microscopy 
SLM Selective laser melting 
SPS Spark plasma sintering 
TEM Transmission electron microscopy 
TGA Thermo-gravimetry analysis 
Ti6Al4V Ti-6Al-4V with extra low interstitial (ELI) 
TSB Tryptic Soy broth 
XRD X-ray diffraction analysis 
XRF X-ray Florence spectroscopy 
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Terms 
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. 
Dislocation 
density 

The total dislocation length per unit volume of material; 
alternately, the number of dislocations that intersect a unit area 
of a random surface section 

Ductility/ 
fracture strain 

A measure of a material’s ability to undergo appreciable plastic 
deformation before fracture; may be expressed as percent 
elongation (%EL) or percent reduction in area (%RA) from a 
tensile test. 

Engineering 
strain 

The change in gauge length of a specimen (in the direction of an 
applied stress) divided by its original gauge length. 

Engineering 
stress 

The instantaneous load applied to a specimen is divided by its 
cross-sectional area before any deformation. 

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

Plastic 
deformation 

Deformation that is permanent or nonrecoverable after the 
release of the applied load. 

Slip Plastic deformation as the result of dislocation motion; also, the 
shear displacement of two adjacent planes of atoms. 

Slip system The combination of a crystallographic plane and, within that 
plane, a crystallographic direction along which slip (i.e., 
dislocation motion) occurs. 

True strain The natural logarithm of the ratio of instantaneous gauge length 
to the original gauge length of a specimen being deformed by a 
uniaxial force. 

True stress The instantaneous applied load is divided by the instantaneous 
cross-sectional area of a specimen. 

Ultimate tensile 
strength (UTS) 

The maximum engineering stress, in tension, may be sustained 
without fracture. 

Yield strength 
(YS) 

The stress required to produce a very slight yet specified amount 
of plastic strain; a strain offset of 0.002 mm/mm (0.2%) is 
commonly known as Proof Strength. 

β-transus 
temperature 

α→β transformation temperature 
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Symbols 
α HCP Titanium 
α’ Martensite 
β BCC Titanium 
µm micrometer 
Å Angstrom 
Al Aluminium 
C Carbon 
Cl Chlorin 
E Elastic modulus 
HV0.05 Vickers hardness value at 50 g load 
K Potassium 
mm millimeter 
Na Sodium 
nm nanometer 
O Oxygen 
S Sulphur 
Sr Strontium 
V Vanadium 
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1 Literature review 
This chapter presents the theoretical foundation essential for comprehending the 
research conducted in this dissertation. It begins with an overview of the principles of 
AM processes, with a particular emphasis on the LPBF process. A detailed examination 
of the SLM process is provided, followed by a discussion on the SPS process. Additionally, 
the chapter explores the lattice designs employed in orthopedic bio-implants, 
highlighting their general characteristics, microstructural formation, and the fundamental 
metallurgy of LPBF Ti6Al4V and CP-Ti. The chapter concludes with an introduction to 
biomaterials like HAp and CaCO3. 

1.1 Additive Manufacturing 
AM also referred to as 3D printing is a layer-by-layer manufacturing technique. This 
approach starkly contrasts with subtractive manufacturing techniques, which remove 
material from a solid block to create the desired shape.  
During AM fabrication, three primary steps are involved as illustrated in Figure 1.1:  
1. Firstly, the desired CAD model is developed and tessellated. Here, tessellation

involves the fragmentation of the CAD model into layer-by-layer data based on the
layer thickness employed.

2. Next, the tessellated geometry is transmitted to the AM machine. In this step,
process parameters are fixed based on the alloy to be fabricated.

3. In the final step, the material is deposited layer by layer based on the developed 3D
CAD model and given process parameters.

Certain AM methods or designs may necessitate post-processing steps, such as surface 
finishing and removal of support structure, etc. As per ISO/ ASTM 52900, AM can be 
classified into many subcategories. However, LPBF is a commonly used technology for 
metals and is further discussed in the following subsection (Gibson et al., 2010). 

1.1.1 Selective laser melting / Laser powder bed fusion 
Among various AM techniques, SLM or LPBF has garnered particular attention due to its 
capability to produce high-precision, complex metallic parts directly from powder 
materials. LPBF operates by utilizing a high-powered laser to selectively melt and fuse 
metallic powders. When the laser is irradiated onto the powder, it is heated by 
absorption, and if sufficient power is applied, the material melts, forming a liquid melt 
pool. This molten pool then rapidly solidifies which eventually constitutes the final 
product. After scanning the cross-section of a layer, the building platform is lowered 
based on the employed layer thickness, and a new layer of powder is deposited. This cycle 
is repeated until the entire product is complete. After the process is completed, 
the unused powder is collected, sieved, and can be reused. To mitigate the curling of the 
material caused by the accumulation of thermal stresses during the SLM process, 
the part is constructed on a solid substrate. Due to the high reactivity of titanium alloys, 
the process must be performed under an inert argon atmosphere.  

A typical layout of an LPBF machine is illustrated in Figure 1.2. This process enables 
the production of parts with intricate geometries, internal features, and customized 
properties that would be challenging or impossible to achieve through conventional 
manufacturing methods. The capability to produce near-net-shape parts with minimal 
waste makes LPBF a highly efficient and sustainable manufacturing option. Additionally, 
the development of new materials and alloys tailored for LPBF has expanded the range 
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of applications, enabling the creation of parts with superior performance characteristics. 
(Asiva Noor Rachmayani, 2017; Kant, 2024). Recent literature has extensively explored 
various aspects of LPBF, including the optimization of process parameters, material 
properties, and post-processing techniques. Table 1.1 briefly describes various process 
parameters used during the LPBF process. 

Figure 1.1. Schematics illustrating the additive manufacturing process showing the different steps 
involved. Step 1. CAD model development and tessellation followed by Step 2. Fixing the process 
parameter and Step 3: fabrication of the material layer-by-layer. 

Microstructure refers to the arrangement of phases and grains within a metal, which 
directly influences their properties. The microstructure is largely determined by the 
manufacturing processes employed and the, employed process parameters play a critical 
role. These parameters not only affect the morphology of grains but also dictate the 
microstructural features, especially for Ti-based alloys. Epitaxial growth, a process where 
a new grain grows over a previously solidified grain, typically results in columnar grains 
that align in a direction opposite to the heat flow in direction. While this columnar 
structure can enhance mechanical properties along the grain growth direction, it may 
also introduce anisotropy, where material properties vary depending on their orientation. 
Microstructure provides a clear link between manufacturing processes and the resulting 
mechanical, physical, and chemical properties. The LPBF process exhibits distinct 
macroscopic and microscopic structures, due to its unique thermal process, which differs 
significantly from traditional manufacturing methods (T. Zhang & Liu, 2022).  
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Figure 1.2. Schematics illustrating the (a) laser powder bed fusion process (Jiao et al., 2018),  
(b) laser-powder interaction during the laser powder bed fusion process.
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Table 1.1. Table showing the list of processing parameters that could influence the LPBF process  
(El Wakil, 2019; Gulbrandsen-Dahl et al., 2024; Pandey et al., 2022; Singla et al., 2021). 

Parameter 
Category 

Parameters Description Impact Potential 
Defects 

Laser 
Parameters 

Laser Power 
(P) 

Energy 
provided by 
the laser per 
unit time. 

Affects melt 
pool size, 
penetration, 
and defect 
formation 
(e.g., spatter). 

High power: 
spatter, 
keyholing; Low 
power: lack of 
fusion. 

Laser 
Parameters 

Laser Spot 
Size 

Diameter of 
the laser 
beam. 

Influences 
resolution and 
alignment 
precision. 

Incorrect spot 
size: poor 
surface finish, 
lack of detail. 

Laser 
Parameters 

Scan Speed 
(v) 

Speed at which 
the laser 
moves over 
the powder 
bed. 

Impacts melt 
pool size, 
cooling rate, 
and heat 
input. 

High speed: 
lack of fusion; 
Low speed: 
overheating, 
distortion. 

Laser 
Parameters 

Hatch 
Spacing (h) 

Distance 
between 
adjacent laser 
scan lines. 

Ensures 
complete 
melting and 
fusion 
between 
layers. 

Incorrect 
spacing: un-
melted zones, 
porosity. 

Powder 
Characteristics 

Particle Size 
Distribution 

Range of 
particle sizes in 
the powder. 

Affects surface 
finish, packing 
density, and 
flowability. 

Wide 
distribution: 
poor surface 
quality; 
Narrow: 
powder 
clogging. 

Powder 
Characteristics 

Powder 
Shape 

Morphology of 
powder 
particles (e.g., 
spherical, 
irregular). 

Spherical 
powders 
improve 
flowability and 
packing 
density; 
irregular 
shapes can 
cause uneven 
layering. 

Irregular 
shape: poor 
flowability, 
inconsistent 
layer thickness, 
porosity. 

Powder 
Characteristics 

Powder 
Flowability 

Ease with 
which powder 
flows and 
spreads. 

Affects 
uniformity of 
powder layers 
and packing 
density. 

Poor 
flowability: 
inconsistent 
layers, poor 
surface finish, 
porosity. 
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Powder 
Characteristics 

Apparent 
Density 

The bulk 
density of the 
powder, 
considering the 
voids between 
particles. 
Usually, 50% to 
70% of the true 
density. 

Affects packing 
density and 
the overall 
density of the 
final part. 

Low apparent 
density: high 
porosity, weak 
mechanical 
properties. 

Powder 
Characteristics 

Powder 
Layer 
Thickness (t) 

Thickness of 
each deposited 
powder layer. 

Balances 
resolution, 
surface finish, 
and build time. 

Thick layers: 
lack of fusion; 
Thin layers: 
extended build 
time. 

Powder 
Characteristics 

Powder 
Material 

Type of 
metallic 
powder used 
(e.g., titanium, 
aluminum) 

Determines 
melting point, 
thermal 
conductivity, 
and optical 
absorptivity. 

Material-
specific defects 
like oxidation, 
contamination. 

Thermal 
Management 

Pre-heat 
Temperature 

Temperature of 
the build 
platform 
before and 
during the 
build. 

Reduces 
thermal 
gradients and 
residual 
stresses. 

Insufficient 
pre-heating: 
warping, 
delamination. 

Thermal 
Management 

Cooling Rate Speed at which 
the part cools 
post-laser 
exposure. 

Influences 
residual stress, 
micro-
cracking, and 
material 
properties. 

Fast cooling: 
high residual 
stresses, 
cracks; Slow 
cooling: grain 
coarsening. 

Scanning 
Strategy 

Scan Pattern Path followed 
by the laser 
(e.g., 
unidirectional, 
bidirectional). 

Affects 
residual stress 
distribution 
and part 
distortion. 

Inconsistent 
patterns: 
uneven stress 
distribution, 
distortion 

Scanning 
Strategy 

Layer 
Rotation 

Rotation of 
scan pattern 
between 
successive 
layers. 

Helps reduce 
residual 
stresses. 

No rotation: 
anisotropic 
properties, 
distortion 

Environmental 
Consideration 

Atmosphere Gas 
environment 
(e.g., argon, 
nitrogen) used 
to prevent 
oxidation. 

Prevents 
contamination 
and oxidation. 

Poor 
atmosphere 
control: 
oxidation, 
contamination. 
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Environmental 
Consideration 

Humidity & 
Temperature 
Control 

Consistent 
environmental 
conditions 
during the 
build. 

Ensures 
reproducibility 
and part 
quality. 

Inconsistent 
conditions: 
moisture 
absorption, 
oxidation. 

Post-
Processing 
Processes 

Heat 
Treatment 

Thermal 
treatments 
applied after 
the build 
process. 

Relieves 
residual 
stresses and 
enhances 
material 
properties. 

Incorrect 
treatment: 
retained 
stresses, 
undesired 
microstructure 

Post-
Processing 
Processes 

Surface 
Finishing 

Processes like 
machining, 
polishing, or 
blasting. 

Improves 
surface quality 
and 
dimensional 
accuracy. 

Inadequate 
finishing: 
rough surfaces, 
dimensional 
inaccuracies. 

During AM, alloys undergo complex physical processes and thermal histories, 
including intense Marangoni flow, temperature gradients, and extreme cooling rates. 
These factors influence the grain morphology, leading to unique microstructural features 
and higher defect densities compared to cast counterparts (T. Zhang & Liu, 2022). 
Additionally, AM offers the fabrication of compositionally heterogeneous alloys that 
were previously not possible using other conventional fabrication processes  (S. Liu & 
Shin, 2019; Z. Wang et al., 2019). However, LPBF has significant drawbacks in terms of 
time and cost. The layer-by-layer deposition and solidification process is time-consuming, 
with build times depending on the material and geometry. Furthermore, the need for 
high-quality spherical powder, typically produced by expensive atomization techniques, 
makes production costly and limits its use to specific materials/alloys. Consequently, 
LPBF is primarily used in aerospace and biomedical implant production, where intricate 
shapes and a balance between density and properties are essential (T. Zhang & Liu, 2022). 

1.1.2 Metallic bioimplants 
Titanium and its alloys have become indispensable materials across a multitude of 
industries due to their remarkable properties, including a high strength-to-weight ratio, 
excellent corrosion resistance, and outstanding biocompatibility, making them suitable 
for a wide range of applications, particularly in the aerospace, medical, and dental 
sectors (Srivatsan & Sudarshan, 2015). Ti has a melting point of 1668 °C, 4.51 g/cm3 
density, and two allotropic crystal structures. At room temperature, Ti shows a hexagonal 
close-packed (HCP) crystal structure known as the α-phase (𝑎𝑎 = 2.9504 ± 0.0004 Å, 
c = 4.6832 ± 0.0004 Å, and c/ 𝑎𝑎 = 1.5873) (Joshi, 2006). This phase remains up to 882 °C. 
Beyond this temperature, Ti undergoes a phase transformation to a body-centered cubic 
(bcc) structure known as the β-phase (𝑎𝑎 = 3.28 ± 0.003 Å). This transformation is crucial 
in the development of Ti-based alloys, as the balance between the α and β phases can 
be used to tailor the mechanical properties of the material. Hereafter, α will be used for 
HCP and β for BCC (Donachie, 2000; Srivatsan & Sudarshan, 2015). 

Upon cooling through the β transition temperature, the β phase transforms into 
various equilibrium or nonequilibrium phases, depending on the cooling rate and alloying 
elements. Rapid cooling (water or oil quenching) can transform the β phase to martensite 
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(α′- hcp or α″ orthorhombic phases) (Donachie, 2000; Zheng et al., 2022). The tendency 
to form α″ over α′ increases with the concentration of β-stabilizer (Donachie, 2000). 
In contrast, slower cooling transforms the β phase through nucleation and growth into 
the Widmanstätten α structure. The morphology of the Widmanstätten α phase can vary 
from a colony of similarly aligned α laths to a basket-weave pattern, depending on the 
cooling rate or alloying addition, with finer lamellar structures forming at higher cooling 
rates. During slow cooling, the α phase may also precipitate along prior β grain boundaries 
(Donachie, 2000; Joshi, 2006; Zheng et al., 2022). Additionally, the microstructure may 
retain small amounts of β phase, with the quantity of retained β increasing as the solute 
content rises.  

Generally, bio-implants are manufactured from SS316L (Elastic Modulus (E) close to 
210 GPa), Co-Cr (E around 230 GPa), and Ti-based alloys (E approximately 100–110 GPa) 
(Geetha et al., 2009). Since the development of biocompatible and high strength-to-
weight ratio Ti6Al4V ELI (extra low interstitial impurity content) alloy, it has become the 
preferred choice and has been widely used. Ti6Al4V ELI can be manufactured easily, and 
the microstructure can be altered easily. However, alloying elements like Al and V pose 
long-term issues in the human body, such as Alzheimer's disease, and other neurological 
side-effects making it not the ideal candidate for bio-implant applications (Attar et al., 
2020; Prakasam et al., 2017; Sarraf et al., 2022). 

1.1.2.1 CP-Ti based bioimplants 
CP-Ti is an unalloyed commercially pure- Ti containing, 0-0.4% oxygen. Based on the oxygen 
content and as per ASTM F67-13(2017), it is divided into different grades. The CP-Ti 
Grade 1 has the lowest oxygen content of 0.18% and it is soft and ductile, with a typical 
Ultimate Tensile Strength (UTS) of 240 MPa and Yield Strength (YS) of 170 MPa. 
The CP-Ti Grade 2 has 0.25% oxygen content and has moderate strength and ductility, 
with UTS and YS values of 345 MPa and 275 MPa, respectively. The CP-Ti Grade 3 and 
Grade 4 have a higher oxygen content of 0.35% and 0.40% respectively, resulting in 
increased strength but reduced ductility. Grade 3 exhibits a UTS of 450 MPa and YS of 
380 MPa, while Grade 4 shows the highest strength with a UTS of 550 MPa and YS of 
485 MPa (Depboylu et al., 2022; Williams, 2002). 

The limited amount of slip systems in CP-Ti (HCP) complicates dislocation movements 
compared to BCC and FCC crystal structures. This limitation makes CP-Ti less malleable 
and more prone to issues like anisotropy and poor formability, especially at room 
temperature. During LPBF processing, due to limited melt pool stability and inferior 
surface finishing, CP-Ti poses manufacturability issues. However, researchers have 
reported the successful fabrication of CP-Ti using LPBF. Attar et al. (Attar et al., 2014) 
varied the energy density to identify the optimized parameters. This research has 
investigated the mechanical properties (including -compressive properties, tensile 
properties, and microhardness) of CP-Ti (Grade 2). The report by Gu et al. (Gu et al., 2012) 
has demonstrated the effect of the scan speed on densification, achieving nearly fully 
dense (99.5%) parts without post-treatment. Their experiments showed that optimal 
LPBF parameters not only improved the hardness and strength of CP-Ti but also 
maintained its ductility, making it competitive with the traditionally manufactured 
counterparts. The cooling rate during LPBF, influenced by factors such as energy input 
and substrate temperature, significantly affects the microstructure of the SLM CP-Ti. 
The SLM CP-Ti typically, results in a refined α′ martensite, which enhances their 
mechanical properties, particularly yield strength. (T. Zhang & Liu, 2022) 
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1.1.2.2 Ti6Al4V-based bioimplants 
As the name suggests, Ti6Al4V is an alloy of Ti having 6% Al, and 4% V commonly known 
as Ti Grade 5 or Ti64. In trace amounts (0.25%), it may contain oxygen, and nitrogen-like 
impurities. These interstitials increase the possibility of embrittlement, potent to fail 
under complex mechanical and biochemical stresses encountered in the human body. 
This led to the development of the biomedical grade Ti6Al4V grade 23 with extra 
low-interstitial (ELI) (0.13%). Titanium Grade 23 was developed to meet the stringent 
requirements of the medical industry, especially for orthopedic and dental implants. 
The primary mechanical advantage of Grade 23 over Grade 5 lies in its enhanced ductility 
and toughness, while maintaining high strength. The UTS and YS of Grade 23 are slightly 
lower than those of Grade 5 due to reduced interstitial hardening, but the trade-off is 
acceptable for applications where toughness and elongation are more critical. The lower 
interstitial content in Grade 23 reduces the risk of adverse biological reactions, making it 
highly biocompatible. This characteristic is particularly important for medical implants, 
where the material needs to integrate well with human tissues without causing 
inflammation or rejection. Additionally, the corrosion resistance of the alloy in 
physiological environments is enhanced, further supporting its use in long-term implants. 
In contrast, due to the reduction of interstitials, it is very difficult to machine this alloy 
and hence expensive. However, the requirement of the biochemical and mechanical 
properties justifies the usage of Grade 23 over Grade 5. As per ASTM standards, Ti6Al4V 
(ELI) Grade 23 is the medical grade Ti6Al4V and hence in this study, Ti6Al4V implies 
Ti6Al4V (ELI) Grade 23 and not grade 5 until and unless specified (Donachie, 2000). 

In Ti6Al4V, Al is the α-stabilizer and V is a β-phase stabilizer. This combination puts 
Ti6Al4V alloy in the α+β category. In general, Ti6Al4V shows the basket-weave-like 
widmenstatten α+β microstructure at room temperature. However, the microstructure 
strongly depends on the thermal history and cooling rates. For example, slow cooling 
results in the above-mentioned α+β microstructure; while fast cooling results in α’ 
martensitic structure. Ti6Al4V, with its mix of α and β phases, can be more readily 
processed at both low and high temperatures, offering more flexibility in manufacturing. 
The behavior of Ti6Al4V alloy during cooling is critical in determining its microstructure 
and, consequently, its mechanical properties. When the alloy is cooled rapidly from a 
temperature above the β-transus (the temperature above which the β phase is stable), 
a martensitic transformation occurs. Specifically, at cooling rates exceeding 410 K/s, the 
β phase transforms into α’ (alpha prime) martensite. This transformation is diffusionless 
taking place without the movement of atoms over large distances, resulting in a highly 
refined microstructure (Donachie, 2000; Zheng et al., 2022). 

The formation of α’ martensite leads to a significant increase in the YS of the alloy, 
often exceeding 1100 MPa due to the morphology of the martensitic phase. However, 
an increase in the strength is at the cost of ductility ranging between 5% and 10%. 
This reduced ductility is a consequence of the brittle nature of the martensitic structure, 
which limits the alloy’s ability to deform plastically before fracturing. In contrast,  
if the cooling rate is relatively slow, below 20 K/s, the transformation from the β phase 
to the α phase takes place through diffusional precipitation. This process allows for the 
formation of a more equiaxed and coarser α phase, which is typically associated with 
improved ductility but lower YS compared to the martensitic microstructure (Donachie, 
2000; Zheng et al., 2022). 

The ability to tailor the microstructure of Ti6Al4V through controlled cooling and 
heat treatment allows for the customization of mechanical properties to suit specific 
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applications. During AM processes like LPBF, the inherent rapid cooling favors the 
formation of α’ martensite. As a result, LPBF-processed Ti6Al4V typically exhibits high 
strength but relatively low ductility, necessitating post-processing heat treatments if a 
balanced set of mechanical properties is desired. (Gupta et al., 2021; S. Liu & Shin, 2019; 
Neikter et al., 2018; Singla et al., 2021; T. Zhang & Liu, 2022) 

1.1.3 Lattice designs for orthopedic bone implant applications 
AM has emerged as a transformative technology in the biomedical field, particularly in 
the design and fabrication of orthopedic bone implants. The ability to create complex, 
patient-specific geometries with precise control over the internal architecture has 
opened new possibilities for improving the performance and functionality of the 
implants. Among the various design strategies, lattice structures have gained significant 
attention due to their potential to mimic the mechanical and biological properties of the 
natural bone. The difference in Young’s modulus between natural bone and implant 
creates a stress-shielding effect on the surrounding bone, leading to bone resorption and 
the need for revision surgery. To reduce stress shielding, it is necessary to lower Young’s 
modulus, for which two approaches are commonly used. The first involves developing 
alloys with an elastic modulus in the range of natural bone, such as β-Ti. However, it does 
not meet the requirement of a strength-modulus trade-off. The second approach involves 
the production of porous materials, which has gained considerable attention in the recent 
years. In porous materials, the presence of porosity (open/closed) can significantly reduce 
the density of the implant, and its Young’s modulus, resulting in a reduced stress-shielding 
effect (McGregor et al., 2021).  

Lattice structures in orthopedic implants are characterized by their open, porous 
features, which can be tailored to match the stiffness and strength of bone while 
promoting osseointegration and vascularization. These designs are typically composed 
of repeating unit cells that can be systematically varied in size, shape, and orientation to 
achieve desired mechanical and biological outcomes. The concept of using lattice 
structures in bone implants is rooted in the need to address the limitations of traditional 
solid implants, such as stress shielding, poor integration with the host tissue, and the risk 
of implant loosening over time. Lattice structures offer a means to tune the mechanical 
properties of the implant, ensuring load transfer to the surrounding bone and reducing 
the risk of implant failure. Additionally, the interconnected porosity of lattice designs 
provides pathways for bone ingrowth and nutrient transport, enhancing the biological 
integration of the implant (Khan & Riccio, 2024; McGregor et al., 2021; Tao & Leu, 2016). 

Despite their advanced material properties, Ti-based load-bearing implants, such as 
hip and knee prostheses, face high failure rates. For example, ~600,000 knee replacement 
surgeries performed as of 2011 experienced implant failure within 15 years. Major 
factors contributing to these failures include interfacial instability and aseptic loosening. 
Failures in load-bearing implants generally fall into three primary categories: (1) inadequate 
interfacial bonding between the implant surface and bone tissue, (2) stress shielding due 
to the significant modulus mismatch between the implant (110–120 GPa for Ti-based 
alloys) and human cortical bone (10–30 GPa), and (3) wear-induced osteolysis resulting 
from the excessive release of metal ions around the bone-implant interface 
(Bandyopadhyay et al., 2017). To enhance the in vivo longevity of implants, improvements 
can be made by strengthening the interfacial bond between the implant and bone tissue 
and by reducing the effective modulus of the implant. One effective strategy involves 
incorporating a bioceramic coating on the implant surface. Porous materials can reduce 
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the effective modulus of the implant and promote biological fixation by allowing bone 
growth into the porous structure. This process, known as osseointegration, facilitates a 
mechanical interlock that improves the stability and performance of the implant. 
However, limited interfacial strength between the base material and coating, along with 
potential coating fractures during service, can lead to significant clinical complications 
(Kumar et al., 2015). In the following section such biomaterials and their fabrication by 
SPS are discussed. 

1.2 Chicken eggshell and ceramics for bioimplants 
Chicken eggs are a daily food ingredient and are widely consumed in Europe and 
worldwide as a rich source of CaCO3. Approximately 7.0 million tones of eggs were 
annually used in Europe alone in 2018 (Gautron et al., 2022). The inner core of the egg 
and the thin protein layer of the egg (albumin) are useful for food processing (Hicks 
et al., 2023), while 11% of the egg is made up of a ceramic shell (eggshell) ~2000 tons/day 
is discarded as it is not directly useful for food production. This eggshell layer contains 
potential nutrients and elements as mentioned in Table 1.2. Eggshells are essentially 
composites of calcite crystals encased in a protein matrix. Like various mollusk shells, 
such as those from mussels and oysters, eggshells contain around 88 g of CaCO3 per 
100 g of dry weight. This CaCO3 can be readily converted into calcium forms used to 
synthesize HAp (Kumar Yadav et al., 2023).  

Table 1.2. Chemical composition of the eggshell (Cree & Rutter, 2015; Hincke, 2012; Mahdavi et al., 
2021; R. Shukla et al., 2023; Zaman et al., 2018). 

Chemical Composition Amount 
Calcium carbonate (CaCO3) 94–95 % 
Calcium phosphate (Ca3(PO4)2) ~ 1% 
Magnesium carbonate (MgCO3) ~ 1% 
sodium (Na) 1512 ppm 
magnesium (Mg) 3472–4500 ppm 
strontium (Sr) 320–411 ppm 
potassium (K) 525 ppm 
sulfur (S) 589 ppm 
Organic matter ~4% 

HAp (Ca10(PO4)6(OH)2) is a prominent bioceramic due to its excellent biocompatibility, 
non-toxicity, and ability to promote osteointegration and osteoconduction. Its chemical 
and structural similarity to natural bone supports bone regeneration and integration with 
host tissue. HAp releases calcium and phosphate ions in biological fluids, which aids in 
cell proliferation and bone metabolism. While synthetic HAp, produced through methods 
like mechanochemical reactions, wet chemical precipitation, hydrothermal processes, 
and sol-gel techniques, is often considered superior due to its controlled composition 
and absence of contaminants, it is also expensive. Natural sources, such as xenogeneic 
bone (e.g., bovine) used for HAp production, offer a more cost-effective alternative and 
can be enhanced through thermal and mechanical processing (Kumar Yadav et al., 2023). 

CaCO3 is found in the natural bone along with HAp and collagen, making, it easy to 
osseointegrate. The main advantage of using CaCO3-based implants is their 
bioresorbability. Bioresorbable materials also degrade like biodegradable materials but 
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also release a controlled amount of Ca+2 and PO4-3, which act as therapeutic agents to 
heal bone injuries and increase bactericidal activity (Kumar et al., 2015; Vuola et al., 
1998). Disposal of eggshells not only results in the loss of these elements but also poses 
waste disposal issues. Dumping in land costs money, the decomposition of organic 
matter from the eggshell produces ammonia, methane, and hydrogen sulfide-like 
foul-smelling gases, as well as microbial action of the eggshell, threatens environmental 
concerns (Freire & Holanda, 2006; R. Shukla et al., 2023; Tangboriboon et al., 2012). 
Utilizing eggshells as food calcium supplements has not eliminated waste disposal issues. 
Researchers have tried to use eggshells in different products such as wall tiles (Freire & 
Holanda, 2006), Cd- and Pb-like heavy metal removal (Tizo et al., 2018) Pd@CaO solar 
photocatalytic fabrication for wastewater treatment (Nassar & Alotaibi, 2021), and 
polymer composite (Hanumantharaju et al., 2022; Homavand et al., 2024; Leclair et al., 
2021; Owuamanam & Cree, 2020). Despite these efforts, the utilization of eggshell waste 
remains a major concern. This research aims to utilize eggshell waste in orthopedic 
bio-implants to produce sustainable bio-implants. 

Several studies have reported the densification of CaCO3 using powder metallurgical 
and sintering. However, at temperatures exceeding 800–900 °C, CaCO3 tends to 
decompose into calcium oxide (CaO) and carbon dioxide (CO2) through calcination.  
This instability during high-temperature processing presents difficulties in achieving proper 
densification and complicates the fabrication of bone-grafting implants. (Baqain et al., 
2023; Combes et al., 2006; Cree & Pliya, 2019; Naemchan et al., 2008a; R. Shukla et al., 
2023; Wan et al., 2021; Zaman et al., 2018). To overcome these challenges, researchers 
have explored the use of dopants or sintering aids to stabilize CaCO3 and achieve 
densification without decomposition. For instance, Tetrad and Assollant (Tetard et al., 
2014) doped CaCO3 with Lithium Phosphate (Li3PO4), attaining 98% relative density at 
700 °C using a pressureless sintering technique. Urabe et al. (Chróścicka et al., 2016) 
employed LiF as an additive to enhance CaCO3 densification, while Vlasov et al. (Vlasov 
& Poroskova, 1997) incorporated 1–2% Lithium Carbonate (Li2CO3) into the aragonite 
phase of CaCO3, identifying 620–650 °C as the optimal sintering temperature range. 
Smirnov et al. (Smirnov et al., 2012) utilized ammonium carbonate to lower the sintering 
temperature of CaCO3, and Ito et al. (Ito et al., 2017) succeeded in producing a 99% dense 
compact using a eutectic mixture of KF-NaF-LiF system with CaCO3 and. Despite this 
research, there remains limited data on the densification of CaCO3. The objective of the 
present study is to produce bio-implants from eggshells, for which eggshell powder must 
be densified.  

1.3 Fabrication of bio-ceramics by SPS 
SPS (refer to Figure 1.3) also known as Field-Assisted Sintering Technique (FAST), is a 
powder consolidation method that leverages the simultaneous application of uniaxial 
pressure and pulsed direct current to achieve rapid sintering of materials at relatively 
low temperatures. SPS is renowned for its ability to produce materials with superior 
properties. The principle of SPS involves the generation of spark discharges between 
powder particles, which results in localized high temperatures and electric fields. These 
conditions facilitate rapid densification and grain growth, allowing the production of fully 
dense materials with fine microstructures in a matter of minutes. This rapid sintering 
process not only enhances the mechanical properties of the materials but also preserves 
the intrinsic characteristics of the powders, such as nanostructures and phase 
compositions. 
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Recent studies have delved into the mechanisms underlying SPS, exploring the roles 
of electric fields, current effects, and thermal gradients in the sintering process.  
The optimization of process parameters such as temperature, pressure, and pulsed 
current has been a major focus, as these factors critically influence the densification 
kinetics, microstructural evolution, and resultant material properties. Moreover, SPS has 
been instrumental in the development of novel materials, including high-entropy alloys, 
refractory metals, and advanced ceramics. One of the notable advantages of SPS is its 
ability to sinter materials with complex compositions, which is challenging for conventional 
sintering methods. The rapid processing times and lower sintering temperatures also 
result in energy savings and reduced environmental impact, aligning with the growing 
emphasis on sustainable manufacturing practices. However, challenges such as 
inhomogeneous temperature distribution, limited scalability, and the need for specialized 
equipment remain areas of active research. 

SPS is a promising method compared to conventional methods as compaction and 
sintering occur simultaneously. This not only achieves a higher density but also reduces 
the sintering time and lowers the sintering temperature. By extending its benefits, 
it is possible to avoid or limit the decomposition and crystallization phenomena 
happening in these eggshells (Han et al., 2019; Kawagoe et al., 2008; Orrù et al., 2009; 
Oza et al., 2021). SPS has been utilized to produce HAp (Kawagoe et al., 2008), tricalcium 
phosphate implants, and bioglass® owing to its densification at comparatively low 
temperatures. Moreover, SPS can consolidate a wide variety of materials from amorphous 
alloys, crystalline materials, composites, and functionally graded materials, etc. (Kamboj 
et al., 2019; Rahmani et al., 2019, 2020, 2022a; N. Singh et al., 2021; Sokkalingam et al., 
2020; Surreddi et al., 2010). For instance, Mechay et al. (Mechay et al., 2014) used SPS 
to produce HAp-based bone implants and observed suppression of the sintering 
temperature from 1300 °C to 900 °C as compared to conventional sintering techniques. 
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Figure 1.3. Schematic of the spark plasma sintering (SPS) process, illustrating the simultaneous 
application of uniaxial pressure and pulsed electric current to the powder compact. 

1.4 Problem statement and Hypothesis of the research 
CP-Ti-based metallic implants are beneficial for providing ductility and support essential 
for bone healing. However, the higher Young’s Modulus induces a stress-shielding 
effect. To address this, porous CP-Ti implants have been developed using advanced 
LPBF technology. Albeit these implants have limitations of bioinert behavior and 
implant-associated infections. Moreover, to easily integrate with the natural bone, 
bioactivity is crucial. On the other hand, bioceramics such as eggshells possess excellent 
bioactivity owing to a similar chemical composition to the natural bone. However inferior 
ductility and concomitant brittleness limit its usage in bio-implants. Moreover, the coating 
of the bioactive material also faces several challenges due to interfacial bonding and 
detachment of the coating from the interface.  

This study hypothesizes that by integrating a bioceramic eggshell with a porous CP-Ti 
implant produced using LPBF and densified through SPS, a composite implant with the 
following enhanced properties will be achieved: 
• The bio-implant aims to promote sustainability by repurposing eggshell waste,

thereby supporting sustainability and circular economy goals 3, 6 (partially), 9, 12,
13, and 15.

• The implant is expected to achieve a Young’s Modulus comparable to natural cortical 
bone, thereby reducing the stress-shielding effect often seen with traditional
implants.
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• The combined CP-Ti and eggshell composition is anticipated to provide greater
ductility compared to bioceramics like eggshells.

• The porous structure of the metallic implant will be filled with bioresorbable CaCO₃,
allowing for the controlled release of therapeutic agents (in this case Ca+2) during
degradation. This release is expected to enhance osseointegration and confer
antibacterial properties, addressing IAI risks.

1.5 Objectives 
This study represents a critical advancement in developing advanced bio-implants by 
integrating principles of circular economy and green manufacturing. It offers a sustainable 
approach to addressing the challenges of orthopedics implantology, contributing to both 
environmental stewardship and technological innovation. The present research focuses 
on the following objectives: 
• To assess the potential of using eggshell waste as a bioceramic additive, contributing 

to circular economy principles in bio-implantology.
• To investigate and compare the mechanical properties of Ti6Al4V and CP-Ti fabricated

by LPBF, providing insights into material selection for orthopedic implants.
• To establish the structure-processing-property relationships for the CP-Ti produced

by LPBF, enabling the understanding of its properties for use in medical implants.
• To achieve maximum density the SPS parameters for eggshells, aiming to achieve

maximum density.
• To develop and characterize Ti-eggshell composites that provide both mechanical

durability and effective biological performance, ensuring the suitability of the
implants for long-term use in orthopedic applications.

• To investigate the mechanisms of bacterial adhesion and growth on the implant
surface, aiming to enhance the antibacterial properties.
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2 Experimental details 

2.1 Fabrication of Ti6Al4V and CP-Ti by LPBF 
Ti6Al4V and CP-Ti specimens were fabricated using LPBF Process (SLM Solutions GmbH 
Realizer SLM-280 device) equipped with a 700 W fiber laser, spot size ~80 μm, and 
20–75 μm layer thickness. The device offers a build envelope of 280 × 280 × 350 mm3 
and utilizes a single 1070 nm yttrium scanning laser (1 × 700 W). A custom-designed 
smaller build platform (D100 mm) made from CP-Ti, along with a re-coater, was 
employed for printing the samples. The scanning parameters for both materials, shown 
in Table 2.1, were selected based on literature recommendations for CP-Ti (Attar et al., 
2014) and optimized parameters provided by SLM Solutions for Ti6Al4V. An Ar atmosphere 
was maintained throughout the process to reduce oxygen levels to less than 100 ppm. 
After printing, samples were cut from the build plate by wire EDM. 

Table 2.1. The processing parameters employed to fabricate CP-Ti and Ti6Al4V samples using the LPBF 
process. 

Processing parameters Ti6Al4V CP-Ti 
Laser Power (W) 275 165 

Scan Speed (mm/ s) 1100 138 
Hatch Spacing (µm) 120 110 
Hatch Rotation (°) 90 72 

Layer Thickness (µm) 30 50 

2.2 Fabrication of eggshell and Ti-eggshell composite by SPS 
Commercial eggshell powders were densified using SPS (HPD 10-GB, FCT System GmbH, 
Germany). A 10 mm diameter graphite mold, equipped with graphite spacers, was 
employed to prevent a reaction between the graphite mold and the sample. The SPS 
device is placed under the glove box and hence the SPS process takes place under 
vacuum. A uniaxial pressure of 50 MPa was applied, along with simultaneous heating. 
The heating rate was set at 100 °C/ min, with a 5 min holding period at the desired 
temperatures (i.e., 250 °C, 500 °C, 750 °C, 850 °C, 950 °C, and 1000 °C, respectively). 
The sintering temperature was monitored using a K-type thermocouple placed into the 
graphite mold wall. During the SPS process, parameters such as the piston movement 
(punch displacement), pressure, current, voltage, and temperature were meticulously 
recorded. The instantaneous change in the punch displacement was calculated using 
Eq. 2.1, and this instantaneous change in the punch position was directly related to the 
instantaneous relative density (hereafter relative density) of the sample using Eq. 2.2. 

𝐿𝐿 =  𝐿𝐿𝑓𝑓 + ∆𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 − ∆𝐿𝐿 …………..   (Eq. 2.1) 

𝐷𝐷 = �𝐿𝐿𝑓𝑓
𝐿𝐿
� 𝐷𝐷𝑓𝑓…………..   (Eq. 2.2) 

where 𝐿𝐿 (mm) and 𝐿𝐿𝑓𝑓  (mm) are the instantaneous and final heights of the sintered 
compacts, while  ∆𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚  (mm) and ∆𝐿𝐿 (mm) represent the maximum and instantaneous 
upper punch displacement, respectively. 𝐷𝐷 (%) and 𝐷𝐷𝑓𝑓  (%) denote the instantaneous and 
final relative densities of the powder compact (Bernard-Granger & Guizard, 2007; L. Huang 
et al., 2021; Q. Yang et al., 2021). To fabricate the Ti-eggshell composite, the eggshell 
powder was added to the lattice structure and subjected to SPS. The parameters 
combination optimized in Chapter 5 was used to sinter the Ti-eggshell composite.  
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2.3 Structural characterization of the samples 
Thermogravimetric analysis (TGA) of the eggshell powder was performed using a 
NETZSCH STA 449 F3 Jupiter, covering a temperature range from room temperature to 
1200 °C, with a heating rate of 20 K/min under a nitrogen atmosphere. About 9.5 mg of 
eggshell powder was used in alumina crucibles without a lid for the analysis. To investigate 
the structure and functional groups present in the sintered compacts, the infrared 
spectra for Fourier transform infrared (FTIR) were measured using a Platinum-ATR Alpha 
FTIR spectrometer (Bruker Optic GmbH, Germany) using the attenuated total reflection 
(ATR) technique in the wavelength range between 50 cm-1 and 2500 cm-1. The chemical 
composition of Ti6Al4V and eggshell feedstock powder was determined using X-ray 
Florence (XRF) (Rigaku Primus II XRF spectrometer) was used to identify.  

Structural characterization of the samples was carried out using X-ray diffraction (XRD) 
analysis. The XRD analysis was performed using the Rigaku Smart Lab system with Cu-Kα 
radiation (λ = 1.5406 Å), operating at a step size of 0.02, and a scan speed of 5°/ min from 
20–65°. The dislocation density values were calculated from the XRD patterns using the 
conventional Williamson-Hall equation. The crystallographic data were also calculated 
from the XRD patterns. 

2.4 Microstructural characterization of the samples 
To determine the microstructure of the bulk LPBF samples, solids with 5 mm diameter 
and 5 mm height were produced along with the lattice. They were mounted in epoxy and 
followed by the standard metallographic procedures: grinding and polishing with different 
grades of emery paper to remove all the scratches and mechanical imperfections. 
The polished surface was etched using a Kroll’s reagent observed under optical 
microscopy (Leica Microsystems) and high-resolution – scanning electron microscope 
(HR-SEM) (model – Zeiss Gemini SEM 450). Whereas to characterize SEM of the sintered 
compacts, polishing up to 4000-grid SiC paper was performed. ImageJ was used to 
investigate and extract the statistical data such as powder particle size and achieved 
theoretical density in compacts from SEM images. The feedstock Ti6Al4V, CP-Ti, and 
eggshell powders were also examined under SEM for determining particle shape and size 
distribution. The microstructure of the Ti-eggshell composite was examined using an  
HR-SEM fitted with an EDS setup (INCA pental FETX3, Oxford instrument). 

High-resolution imaging was carried out using a transmission electron microscope 
(TEM, Tecnai G2 F20, FEI, Germany) equipped with a high-angle annular dark-field 
(HAADF) TEM using an FEI 80-300, and nano-diffraction. 

2.5 Mechanical testing of the samples 
The microhardness of the eggshell compacts was evaluated using an Indentec 5030 kV 
(Indentec Hardness Testing Machines Limited, West Midlands, UK), applying a load of 
50 g and dwell time of 10 s. Due to the presence of porosity in the compacts SPS at  
250 °C and 500 °C measurement of the indentation size was affected, consequently, 
the hardness value. Hence, these compacts were excluded from the hardness test. 

The tensile specimens were manufactured with the parameters mentioned in Table 
2.1 as per the ASTM standard: ASTM E8 / E8M- 13 a. The dimensions of the tensile 
specimen are shown in Figure 2.1. Room temperature uniaxial tensile test was conducted 
using an Instron test 5567 screw-driven universal testing machine at different strain rates 

https://www.sciencedirect.com/topics/materials-science/transmission-electron-microscopy
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from 1×10-2 s-1, 1×10-3 s-1, and 1×10-4 s-1. At least three tensile and compressive samples 
were tested under each condition. In accordance with the ASTM E9-09 standard, 
cylindrical samples with a diameter of 10 mm and a height of 15 mm were prepared, 
maintaining the specified height-to-diameter ratio of 1:1.5 for compression testing. 
The compressive test was conducted on the same Instron test 5567 screw-driven 
universal testing machine at a strain rate of 10-3 s-1 along the building direction. 

Figure 2.1. A schematic sketch showing the dimensions of the tensile samples fabricated as per  
the -ASTM: E8 /E8M− 13a standards (reproduced from (Karimi et al., 2021)). 

2.6 Cytotoxicity and bacterial study of the Ti-eggshell composites 
To compare the performance of the Ti-eggshell composite, eggshell compact produced 
by SPS, and bulk CP-Ti (solids of 10 mm diameter and 6 mm height) were utilized. 
For cytotoxicity assessment, samples were immersed in ⍺-MEM media (10% fetal bovine 
serum and 1% penicillin-streptomycin solution). After 24 h, the solution was centrifuged, 
filtered, and added to the cell culture. Adipose-derived stem cells (ADSCs) at passage 6 
were cultured in flasks containing the ⍺-MEM media. The cytotoxicity of samples was 
determined using a lactate dehydrogenase (LDH) assay (CyQUANTTM LDH Cytotoxicity 
Assay Kit). When the cells reached 80% confluency, 20,000 cells/mL were seeded into 
each well of a 24-well plate containing the filtered solution from different samples and 
incubated for 24 h at 37 °C and 5% CO2, a 50 μL solution from each well was transferred 
to a 96-well plate, and the standard protocols were followed to assess cytotoxicity. Cells 
grown in the polystyrene well plate were considered as positive control and cells exposed 
to lysis buffer served as negative control. The absorbance was measured at 490 nm and 
680 nm using a microplate reader (FLUOstar Omega, BMG LABTECH, Cary, NC, USA). 
The quantitative data were analyzed using two-way ANOVA analysis, followed by 
post-hoc Tukey’s honestly significant difference (HSD) test, with statistical significance 
set at p < 0.05, using the origin software. 

The antibacterial activity was evaluated using bacterial cultures of gram-negative 
pseudomonas aeruginosa (ATCC 10145, referred to as P. aeruginosa) and gram-positive 
staphylococcus aureus (ATCC 6538, referred to as S. aureus) bacteria. They were cultivated 
in 8 mL tryptic soy broth (TSB) from Sigma-Aldrich followed by incubating for 12 h at  
37 °C. The bacterial solution was diluted until an optical density reading of 0.52 was 
reached, corresponding to a concentration of 109 colony-forming units (CFU)/mL of TSB 
solution, measured at a wavelength of 562 nm. The surfaces were cleaned with deionized 
(DI) water, sterilized under UV light for 60 min and transferred to 24-well plates. 500 μL
bacteria solution (106 CFU/mL) was added, and well plates were then incubated at 37 °C
for 6 h and 24 h, respectively. After incubation, the bacterial solution was removed,
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and the surfaces were rinsed with phosphate-buffered saline (PBS). Bacteria on the 
surfaces were fixed by immersing the samples in a fixative solution (3% glutaraldehyde, 
0.1 M sucrose, and 0.1 M sodium cacodylate in DI water) for 45 min. Once the bacteria 
were fixed, they were allowed to sit in a buffer solution (fixative solution without 
glutaraldehyde) for 10 min, followed by immersion in 35%, 50%, 70%, and 100% ethanol 
for 10 min each. The dried samples were stored in a desiccator. Prior to imaging, 
the surfaces were coated with 10 nm gold (Au) to improve the conductivity of the sample. 
Bacterial morphology and biofilm formation on different samples were analyzed using 
FE-SEM (JEOL JSM-6500). 
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3 Fabrication of Ti6Al4V Specimens by LPBF 
This chapter explains the structure-processing-properties correlation in LPBF-fabricated 
Ti6Al4V and the mechanical properties of the Ti6Al4V are compared with CP-Ti to 
evaluate the best possible composition for biomedical applications. 

3.1 Characterization of the feedstock Ti6Al4V powder 
Table 3.1 shows the composition of the Ti6Al4V powder (ASTM grade 23) containing 
5.5–6.5 % Al, 3.5–4.5 % V, and a reduced amount of O (0.13) along with other trace 
elements. 

Table 3.1. Composition of the feedstock Ti6Al4V powder. 

Elements Ti Al V Fe O N H 
wt. % Bal. 5.5–6.5 3.5–4.5 0–0.25 0–0.13 0–0.05 0–0.012 

Figure 3.1 shows the feedstock characterization of the Ti6Al4V powder. In the present 
study, gas-atomized Ti6Al4V powder (Figure 3.1-(a,b)) was used, showing the presence 
of spherical-shaped particles along with minor satellites. These satellites present on large 
particles are due to the collision of the fine particles and partially molten particles as a 
result of gas circulation in the atomizing chamber (Sun et al., 2017). The particle size 
distribution plot displayed in Figure 3.1-(c) indicates the presence of a wide range of 
particle sizes, with a mean particle size (d50) of 24 ± 18 µm. Figure 3.1-(d) exhibits the 
XRD pattern of the Ti6Al4V powder revealing reveals major peaks at 35.06° (101�0), 38.36° 
(0002�), 40.11° (101�1), 53.62° (101�2), and 63.62° (112�0), respectively corresponding to 
the HCP (α/ α’) crystal structure having the space group: P63/mmc (194). 

3.2 Characterization of Ti6Al4V fabricated by LPBF 
As illustrated in Figure 3.2-(a), the XRD patterns of LPBF Ti6Al4V exhibit major peaks 
consistent with those of the original Ti6Al4V powder, indicating the presence of the HCP 
(α/α′) crystal structure. Notably, there is no evidence of the BCC (β) phase. In conventional 
processing, such as casting, and SPS (N. Singh et al., 2021), both HCP α-Ti and BCC β-Ti 
are typically observed due to the allotropic transformation of titanium above its 
transition temperature (~882 °C). During cooling, the reverse transformation does not 
fully occur due to the β-stabilizing effect of V, leading to a dual-phase microstructure 
consisting of both α and β phases (N. Singh et al., 2021). However, in LPBF-processed 
Ti6Al4V, the cooling rate ranges between 105–106 K/s, preventing the formation of either 
the α or β phases and instead resulting in the formation of a supercooled α′ martensitic 
structure. The optical microscopy image in Figure 3.2-(b) and the SEM image in Figure 
3.2-(c) reveal an acicular martensitic structure, corroborating the XRD analysis. Both the 
α and α′ phases exhibit an HCP crystal structure with similar lattice parameters. Hence, 
the XRD peaks revealing the HCP structure correspond to the martensite structure. 
Additionally, the rapid thermal cycles inherent to the LPBF process refine the 
microstructure, producing secondary and tertiary martensite, as shown in Figure 3.2-(d). 
Yang et al. (Yang et al., 2016) claimed this refinement to the repeated heating and cooling 
cycles during LPBF, which can induce secondary martensite in regions that have already 
undergone initial martensitic transformation, leading to more refined martensitic 
variants.  
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Figure 3.1. Feedstock characterization: Scanning electron microscopy image of the Ti6Al4V powder at 
(a) lower magnification, and (b) higher magnification. (c) Plot showing the particle size distribution of 
the employed gas-atomized Ti6Al4V powders where the average particle size is observed to be
24 ± 18 µm, and (d) the corresponding X-ray diffraction pattern of the Ti6Al4V powder. 

The rapid cooling in LPBF generates a high density of dislocations within the martensitic 
structure, which act as nucleation sites for further martensitic transformations, particularly 
for secondary and tertiary martensite (Yang et al., 2016). Twinning within the martensitic 
structure also contributes to the refinement process, as it accommodates strain during 
transformation and provides additional interfaces for the nucleation of finer martensitic 
variants. These thermal cycles increase the density of dislocations and twins, resulting in 
shorter martensitic structures compared to the primary martensite. Furthermore, 
martensite can be classified based on the dimensions of its major and minor axes: 
primary martensite typically has a major axis greater than 20 µm and a minor axis varying 
in the range 1 µm and 3 µm; secondary martensite has a major axis ranging between of 
10 µm and 20 µm and a minor axis ranging between –100 nm and 900 nm; tertiary 
martensite is even smaller in dimensions, with a major axis ranging between 1 µm -10 µm 
and a minor axis ranging between 20 nm and –90 nm. Quartic martensite, which is even 
finer, was not identified in the present microstructure (S. Liu & Shin, 2019; J. Yang et al., 
2016). 

In addition to the microstructure, Figure 3.2-(c) reveals spherical-shaped porosity in 
the Ti6Al4V, which is known as the gas porosity. This is commonly observed in the LPBF 
samples, that ranges from 0.1–0.3 %. The main reason behind this spherical porosity is 
due to the entrapment of gases that may come from gas flow or adsorbed gases in 
feedstock powder (Qian et al., 2016) or due to the presence of porosity in the gas-atomized 
powder. 



36 

Figure 3.2. (a) The X-ray diffraction pattern, (b) optical microscopy image, scanning electron 
microscopy image at (c) lower magnification, and (d) higher magnification of the LPBF-fabricated 
Ti6AL4V sample. 

3.3 Mechanical testing of LPBF Ti6Al4V samples 
Figure 3.3 shows the tensile and compressive curves of the LPBF Ti6Al4V samples. 
Ti6Al4V (refer Figure 3.3-(a)) revealed the YS of 1180 ± 10 MPa and UTS of 
1275 ± 12 MPa. The fracture strain was observed to be 7 ± 1 MPa and Young’s Modulus 
of about 106 ± 0.8 GPa. These results are in the range of the previously reported results 
of LPBF Ti6Al4V (Krakhmalev et al., 2016; Prashanth et al., 2017; Vrancken et al., 2012). 
The LPBF Ti6Al4V shows hardness in the range of 412 HV0.05. Such high hardness 
increased tensile strength and reduced ductility are attributed to the presence of the 
martensitic structure. On the negative side, an increase in mechanical properties 
increases Young’s Modulus. Young’s Modulus is the primary criterion for selecting a load-
bearing implant, since it will widen the gap between natural bone and implant leading to 
the stress-shielding effect. In addition to the hardness data, as shown in Figure 3.3-(b) 
compressive yield strength was observed to be 1404 ± 1 MPa, and compressive ultimate 
strength was found to be 1820 ± 10 MPa with a fracture strain about 18 ± 1%. 

Figure 3.4 shows the fractography images of the LPBF Ti6Al4V samples after tensile 
test. The fracture surface reveals a mixed mode of the fracture with feature, where both 
dimples (correspond to plastic deformation) and with quasi-cleavage facets are observed. 
As shown in the low magnification fractography image in Figure 3.4-(a), the fracture 
morphology observed in the central region is ductile with a fibrous texture, dominated 
by dimples. These dimples are indicative of micro-void coalescence, which occurs during 
plastic deformation.  
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Figure 3.3. Room temperature mechanical properties of the LPBF Ti6Al4V alloy under (a) Tension and, 
(b) Compression. 

The outer regions show smooth morphology, where localized shear stresses are
concentrated. This combination of ductile and shear regions suggests a mixed mode of 
fracture typical for LPBF Ti6Al4V under tensile loading. Figure 3.4-(b, c) features 
quasi-cleavage facets along with localized dimple structures. The dimples arise from the 
nucleation, growth, and coalescence of microvoids, typical for ductile metals. The higher 
magnification image Figure 3.4-(c) reveals variations in dimple sizes, suggesting 
differences in local plasticity and void formation during the tensile test. Quasi-cleavage 
facets are intermediate to ductile and brittle fracture. In LPBF Ti6Al4V alloys, this is a 
common feature due to the presence of martensitic needles observed in the initial 
microstructure. When crack propagates, it progresses through the martensitic colony 
and produces these quasi-cleavage structures. These structures hampers ductility as 
compared to the conventional counterpart (Krakhmalev et al., 2016; Prashanth et al., 
2017). However, the primary β grain boundary, fusion boundary, or such interface 
changes the direction of the crack propagation and delays the failure of the material 
(Krakhmalev et al., 2016; Shifeng et al., 2014). Similar quasi-cleavage facets are visible in 
Figure 3.4-(e) as well along with localized dimple structure showing localized plastic 
deformation with brittle fracture. On the other hand, Figure 3.4-(d, f) are higher 
magnification images of the localized deformed area showing various sizes of the dimple. 
However, in the image Figure 3.4-(f), dimples are shallow and elongated compared to 
Figure 3.4-(d) shows the shear lip characteristics. Whereas (Figure 3.4-(d)), the presence 
of larger dimples indicates that significant energy was absorbed before the final fracture. 
This also indicates grain boundary fracture or void formation at larger inclusions or 
defects, leading to the initiation of cracks under tensile loading. Overall, this fractography 
highlights the mixed-mode failure, influenced by micro-void coalescence, quasi-cleavage 
facets, and localized plastic deformation, characteristic of LPBF Ti6Al4V under tensile 
loading. 

There exists a debate about the best possible candidate between Ti6Al4V and CP-Ti 
for bio-implants. It is very difficult to choose between these two materials (Shah et al., 
2016) as CP-Ti does not contain any toxic content but is difficult to manufacture 
compared to Ti6Al4V. Due to the revolutionization in the manufacturing field, where the 
Ti6Al4V composition was coined, ease in the fabrication of Ti6Al4V was realized.  
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Figure 3.4. Fractography images of LPBF Ti6Al4V samples after tensile test. (a) A low magnification 
overview of the fracture surface, (b) a higher magnification image revealing dimple and quasi-
cleavage facets, and corresponding (c) higher magnification image showing fine dimples (d) higher 
magnification image from the center (e) Lower magnification image from the, and corresponding -(f) 
higher magnification image revealing varying dimple size indicating localized plastic deformation. 

As a rule of thumb, CP-Ti is used for low-strength applications such as an oral implant, 
and maxillofacial implants, whereas Ti6Al4V is used for load-bearing applications. 
However, several case studies reported that neurological disorders result due to the 
presence of toxic elements like Al and V (Abdel-Hady Gepreel & Niinomi, 2013; 
Attar et al., 2020; Prakasam et al., 2017; Sarraf et al., 2022; X. Wang et al., 2016). 
As shown in Table 3.2, the tensile and compressive strength of the Ti6Al4V is ~10 times 
higher than the natural compact bone, while for CP-Ti, these values are around five times 
higher. Additionally, the present result shows that LPBF CP-Ti implants exhibit lower 
hardness and compressive strength compared to their Ti6Al4V counterparts. Despite 
this, Steinemann (Steinemann, 2000) reported that CP-Ti provides better integration to 
the bone perhaps due to the enhanced corrosion rate compared to Ti6Al4V (Steinemann, 
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2000; Williams, 2002). This supports the argument that CP-Ti is a more suitable material 
for orthopedic bio-implant applications than Ti6Al4V. Therefore, in the present research, 
CP-Ti is selected instead of Ti6Al4V. Moreover, as indicated in Table 3.2, numerous 
studies have demonstrated that CP-Ti can be effectively manufactured using LPBF, 
further supporting its viability for its use in orthopedic applications. 

Table 3.2. Comparison of Young’s Modulus and tensile properties of the natural bone, Ti6Al4V and 
CP-Ti fabricated by various manufacturing methods. 

Material Processing 
Method YS (MPa) UTS 

(MPa) 
Fracture 
Strain (%) 

E 
(GPa) Ref. 

Cortical 
Bone - - 135 ± 16 - 18 ± 4 (X. Wang 

et al., 2016) 
ASTM 
F136-13 
– 
Annealed 
wrought 
Ti6Al4V 

Wrought 
followed 
by 
annealing 

≥ 760 ≥ 825 ≥ 8 - 
(ASTM 
International, 
2021) 

Ti6Al4V Wrought 830–1070 920–
1140 10–15 100–

110 
(Bartolomeu 
et al., 2022) 

ASTM 
F3302 – 
18 AM Ti 
alloys* 

LPBF ≥ 795 ≥ 860 ≥ 10 - 
(ASTM 
International, 
2018) 

ASTM 
F3302 – 
18 AM Ti 
alloys* 

LPBF ≥ 380 ≥ 450 ≥ 18 - 
(ASTM 
International, 
2018) 

Ti6Al4V LPBF 1180 ± 10 1275 ± 12 7 ± 1 106 ± 1 This work 

Ti6Al4V LPBF 1250 ± 15 1355 ± 20 8 ± 1 - (Prashanth 
et al., 2017) 

Ti6Al4V LPBF 1110 ± 9 1267 ± 5 7 ± 1 109 ± 3 (Vrancken 
et al., 2012) 

Ti6Al4V LPBF 1098 ± 2 1265 ± 5 9 ± 1 - (Krakhmalev 
et al., 2016) 

CP-Ti 
Grade 2 LPBF 555 ± 3 757 ± 13 20 ± 2 - (Attar et al., 

2014) 
CP-Ti 
Grade 2 LPBF 500 650 17 - (Barbas et 

al., 2012) 
CP-Ti 
Grade 1 LPBF 533 ± 3 714 ± 4 18 ± 1 - (D. W. Wang 

et al., 2019) 
CP-Ti 
Grade LPBF - 766 28 - (Kang et al., 

2017) 
CP-Ti 
Grade LPBF 445 542 20 - (Depboylu 

et al., 2023) 
CP-Ti 
Grade 2 LPBF 732 ± 6 630 20 ± 1 - (Tao et al., 

2020) 
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CP-Ti 
Grade LPBF 792 ± 5 990 ± 10 6 ± 1 - (Zhou et al., 

2019) 
CP-Ti 
Grade LPBF 502 ± 2 - 34 ± 1 - (J. Zhang 

et al., 2021) 

CP-Ti 
Grade 2 

LPBF 
(Micro-
tensile) 

600–680 780–850 12-16 - (Wysocki 
et al., 2017) 

3.4 Summary 
This chapter provides an in-depth analysis of the mechanical properties of LPBF Ti6Al4V 
and its correlation with microstructure. The LPBF process induces a martensitic structure, 
which is linked to the quasi-cleavage and brittle fracture observed in the fractography 
images, potentially explaining the reduced ductility. However, some regions exhibited 
ductile fracture (where dimples are observed). The microstructural modification results 
in improved hardness, as well as higher tensile and compressive strength. This, in turn, 
raises Young's Modulus of the material, leading to a greater mismatch with natural bone 
and exacerbating the stress-shielding effect. Hence, comparing these outcomes with the 
CP-Ti, it reveals that CP-Ti offers superior biological and corrosion properties compared 
to Ti6Al4V, despite its reduced mechanical properties – a benefit in matching the 
mechanical properties of natural bone. The primary challenge of CP-Ti is its manufacturing 
complexity, which can be mitigated by using LPBF instead of traditional methods. Several 
studies have demonstrated that CP-Ti can be easily manufactured at optimized energy 
densities using LPBF. However, there remains a gap in the literature regarding the 
deformation behavior of CP-Ti at various strain rates and its relationship with 
microstructure and properties. Therefore, the next chapter will focus on exploring the 
processing-microstructure-property relationship of CP-Ti produced via LPBF. 
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4 Fabrication of CP-Ti by LPBF process 
As discussed in Chapter 3, LPBF CP-Ti may be preferred over Ti6Al4V for load-bearing 
implants, especially considering the stress-shielding effect. However, there lack of 
information in the regarding the CP-Ti such as the effect of the strain rate on their 
mechanical properties and its correlation to the microstructure. Hence, this chapter 
explains the structure-processing-properties correlation of LPBF CP-Ti.  

4.1 Characterization of the feedstock CP-Ti powder 
Figure 4.1 illustrates the characterization of the feedstock powder used in this study. 
Gas-atomized CP-Ti powder was utilized (as depicted in Figure 4.1-(a,b)), where the 
particles exhibit a predominantly spherical shape with wider particle size distribution. 
Minor satellite particles attached to the boundaries of larger particles are also observed. 
These satellite particles are typical of gas-atomized powder formed due to the collision 
of fine and partially molten particles caused by gas circulation within the atomizing 
chamber (Sun et al., 2017). The particle size distribution (shown in Figure 4.1-(c)) reveals 
a broad range with a mean size (d50) of 29 ± 13 µm. Additionally, the XRD pattern 
presented in Figure 4.1-(d) displays prominent peaks at 35.06° (101�0), 38.36° (0002�), 
40.11° (101�1), 53.62° (101�2), and 63.62° (112�0), respectively corresponding to the HCP 
(α/ α’) crystal structure with the space group P63/mmc (194). 

Figure 4.1. Feedstock characterization Scanning electron microscopy image of the CP-Ti powder at 
(a) lower magnification, and (b) higher magnification. (c) Plot showing the particle size distribution 
of the gas-atomized CP-Ti powders where the average particle size is observed to be 29 ± 13 µm 
(d) X-ray diffraction pattern of the CP-Ti powder showing the presence of the HCP phase. 
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4.2 Characterization of CP-Ti produced by LPBF 
As shown in Figure 4.2-(a), the XRD pattern of the LPBF CP-Ti reveals the presence of HCP 
α/α’ structure. LPBF CP-Ti exhibits major peaks consistent with those of the original  
CP-Ti powder, indicating the presence of the HCP (α/α′) crystal structure. As shown in 
Figure 4.2-(b), the microstructure shows the presence of porosity, which can be further 
categorized based on the shape of the pore. As mentioned in the previous chapter,  
the spherical porosity correlates to the gas entrapment and is hence known as gas 
porosity. Whereas irregular-shaped pores are formed due to the lack of fusion during the 
process (improper process parameters) known as the Lack of fusion (LOF) pores. The SEM 
images (Figure 4.2-(c)) reveal the presence of an acicular martensitic structure, 
corroborating the XRD results. Both the α and α′ phases exhibit HCP crystal structure with 
similar lattice parameters. The rapid thermal cycles inherent to the LPBF process refine 
the microstructure, producing secondary and tertiary martensite (Figure 4.2-(c)) as 
explained in the earlier chapter. 

Figure 4.2. (a) X-ray diffraction pattern of the LPBF CP-Ti sample (b) Optical Microscopy image showing 
the presence of porosity and (c) higher magnification scanning electron microscopy image of the LPBF 
CP-Ti sample.  

Figure 4.3 exhibits TEM images of the LPBF-processed CP-Ti. The selected area 
diffraction pattern (SAED) of LPBF CP-Ti (refer to Figure 4.3-(a)) displays a characteristic 
HCP pattern, indicative of martensitic phase formation in the case of CP-Ti. The SAED 
pattern, captured along the [2110] zone axis, exhibits an angle of ~28.62° between the 
planes AB and ~61.38° between planes BC. The SEAD pattern aligns with the XRD and 
SEM analyses, where α׳ martensitic structure is identified as the primary phase in the 
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LPBF CP-Ti lattice. The bright field image (refer to Figure 4.3-(b)) illustrates various crystal 
defects within the LPBF CP-Ti, such as line defects in the form of dislocations. In addition 
to that, other surface defects such as the grain boundaries and twins/twin boundaries 
are also present in the LPBF-fabricated CP-Ti. These defects can be owing to the extreme 
cooling conditions during the LPBF processing of materials. Figure 4.3-(c) illustrates the 
inverse fast Fourier transformation image (IFT) showing the presence of numerous edge 
dislocations, including both positive and negative edge dislocations that formed during 
the solidification process. These edge dislocations can be attributed to the thermal 
cycling intrinsic to the LPBF process. Predictably, the negative edge dislocation induces 
the generation of tensile stress on the microstructure and the positive edge dislocation 
causes compressive stress in return. As shown in Figure 4.3 (c) on the entire surface, 
multiple positive and negative edge dislocations co-exist, which forms a series of 
dislocation grids. 

Figure 4.3. The transmission electron microscopy images of the CP-Ti fabricated by laser power-bed 
fusion process. (a) Selected area diffraction pattern confirming the presence of a hexagonally closed 
packed structure. (b) Bright-field image showing the presence of imperfections like grain boundaries, 
twins, and dislocations. (c) Inverse Fourier-filtered image showing the presence of multiple edge 
dislocations (R. Shukla et al., 2024). 

4.3 Mechanical testing of CP-Ti produced by LPBF 
The mechanical properties are quite important for predicting the performance of the 
CP-Ti under different loading applications. Figure 4.4-(a) shows the engineering tensile 
stress-strain curve as a function of different strain rates and Figure 4.4-(b) shows the true 
stress-strain curves of the LPBF CP-Ti. The mechanical properties data is summarized in  
Table 4.1 and compared with previously reported results in Table 3.2. 

Slip systems refer to the combination of a slip plane and a slip direction along which 
dislocation motion occurs, leading to plastic deformation. In crystalline materials, slip 
generally occurs on planes with the highest atomic density, as these planes offer the least 
resistance to dislocation motion. In HCP materials, like that of α-Ti, the slip systems are 
more limited compared to face-cantered cubic (FCC) or body-centered cubic (BCC) 
structures due to the lower symmetry of the HCP lattice. The HCP unit cell with two 
lattice parameters: 𝑎𝑎 (in the basal plane) and c (along the c-axis). The c/ 𝑎𝑎 ratio, for  
CP-Ti, is ~1.587, which influences the ease of slip in different directions. Ti contains three 
slip systems, basal plane, prismatic plane, and pyramidal plane. The basal plane (0001), 
the highest atomic density plane in the HCP structure is parallel to the base of the 
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hexagonal unit cell (refer to Figure 4.4-(c)). Also, it is the plane of closest atomic packing. 
In this plane, the atoms are arranged in a hexagonal pattern, and the distance between 
adjacent atoms is minimized, making it the densest plane in the HCP structure. As the 
slip direction is <11�20>, hence, (0001) <11�20> is the most common and easiest slip 
system in the HCP material due to the low critical resolved shear stress (CRSS) required 
for dislocation motion. The easy slip along the basal plane is responsible for the ductility 
of the HCP material at lower temperatures. However, because slip is limited to certain 
planes and directions, HCP metals like Ti can exhibit anisotropy in mechanical properties, 
with different strengths and ductility along different crystallographic directions. Due to 
the limited number of slip systems in the HCP structure (compared to FCC materials), 
HCP metals like Ti can exhibit limited ductility. To accommodate more complex 
deformations, mechanisms such as twinning, where a portion of the crystal lattice reorients 
itself to accommodate strain can becomes active. Twinning in Ti often occurs on the 
(101�2) plane and allows for additional deformation along the c-axis. At higher 
temperatures and higher strain rates, the activation of additional slip systems, including 
prismatic and pyramidal slip, helps to overcome the limitations imposed by the HCP 
structure, leading to higher yield strength and improved ductility. Prismatic planes, which 
are (101�0) planes. These planes are perpendicular to the c-axis and contain the <112�0> 
direction. (101�0) <112�0> is another important slip system, particularly when basal slip 
alone cannot accommodate the imposed deformation. Pyramidal planes, which can be 
(101�1), (112�1), and other higher-index planes. Pyramidal slip systems are less favorable 
than basal or prismatic slip due to higher CRSS, but they become active at higher stress 
levels and are essential for accommodating deformation along the c-axis (Salem et al., 
2003; Z. Wang et al., 2019). 

Figure 4.4. Mechanical properties for the CP-Ti produced by LPBF. Room temperature tensile stress-
strain curves as a function of different strain rates (a) Engineering stress-strain and (b) True tensile 
stress-strain curves. (c) Schematic illustration of the hexagonal crystal structure showing various 
planes and directions. 
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In general, there are several strengthening mechanisms that explain the strengthening 
of crystalline materials. However, only a few strengthening mechanisms work for the 
LPBF CP-Ti. The first strengthening mechanism is solid solution strengthening. Despite 
having only 0.05% oxygen, owing to interstitial site occupation of the oxygen, strength 
improves as compared to the purer grade of Ti. (Dong et al., 2020; Yu et al., 2015) have 
reported that oxygen hinders the screw dislocation motion of the Ti and provides solid 
solution strengthening. Another strengthening mechanism is the grain boundary 
strengthening. Due to grain refinement, the number of grain boundaries increases, which 
perturbs dislocation motion. This dislocation motion is responsible for the plastic 
deformation and resulting strength of the material. Due to the increase in the number of 
grain boundaries, dislocation motion is arrested, which results in a reduction in ductility 
due to a reduction in plasticity and increase in strength. The most important strengthening 
mechanism is the martensitic formation. In summary, the yield strength in CP-Ti is 
primarily controlled by the initial activation of the slip systems, with the basal slip system 
playing a key role. As the material undergoes further deformation, additional slip systems 
and twinning mechanisms contribute to strain hardening, which in turn increases the 
UTS. The microstructural features such as grain size and α’ plates, influenced by LPBF, 
further influence the strength by affecting dislocation motion and the activation of 
several hardening mechanisms. 

Table 4.1. Table furnishing the Youngs Modulus, ductility, Yield Strength, and the ultimate tensile 
Strength for the CP-Ti produced by LPBF as a function of different strain rates. 

Strain Rate 
(s-1) 

YS 
(MPa) 

UTS (MPa) True UTS 
(MPa) 

Fracture Strain 
(%) 

10-2 593.63 667.75 726.22 12.20 
10-3 534.66 628.39 692.20 12.80 
10-4 516.42 615.31 667.20 11.32 

As shown in Figure 4.5, the compressive yield strength of LPBF CP-Ti is observed to be 
678± 16 MPa. In addition, the sample during compressive test bulges and do not fracture 
until 50 % deformation. This is advantageous for bone implants, as orthopedic implants 
typically endure compressive loads. The observed higher deformability under compressive 
stress reduces the likelihood of premature failure, making it a beneficial for implant 
materials. As mentioned earlier, the HCP phase in CP-Ti has a limited number of slip 
systems. Compressive load requires a limited number of slip systems compared to tensile 
load. Hence CP-Ti shows better compression properties compared to tensile properties. 
CP-Ti shows hardness in the range of 260 ± 15 HV0.05, which is aligned with the results 
reported in the literature (refer to Table 3.2). During conventional processing, 
CP-Ti or Ti6Al4V cannot achieve such high hardness. As discussed, such higher hardness 
is attributed to the presence of martensitic microstructure. 

Figure 4.6 illustrates the fracture surface of tensile-deformed LPBF CP-Ti, highlighting 
several microstructural features that influence its mechanical performance. The image 
reveals the presence of unmelted particles and microporosity, which are prominent 
along the periphery of the fractured sample. These defects significantly compromise the 
ductility of the LPBF CP-Ti, leading to premature failure under tensile stress. Notably, 
samples tested at different strain rates exhibit similar fracture strains, suggesting that 
the observed imperfections are intrinsic to the material rather than testing conditions.  
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These imperfections are common in additively manufactured materials, where incomplete 
fusion during processing results in micro defects, compromising the mechanical 
properties of the material. (Attar et al., 2014) and (D. W. Wang et al., 2019) 

Figure 4.5. Compression stress-strain curve of the LPBF CP-Ti sample. 

have also reported similar results in LPBF CP-Ti. In other areas of the fracture surface, 
a combination of smooth regions (quasi-cleavage fracture) and dimples are observed. 
(D. W. Wang et al., 2019) further explained that the quasi-cleavage facets are due to 
cleaved acicular α’-Ti grains. The surface also exhibited isolated, randomly distributed 
microscopic voids. (Attar et al., 2014; Kang et al., 2017; D. W. Wang et al., 2019). (Attar 
et al., 2014) concluded that nucleation and growth of the microvoids led to the formation 
of microscopic cracks, which propagated along the stress axis. (D. W. Wang et al., 2019) 
also corroborated above mentioned behavior in the LPBF CP-Ti.  
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Figure 4.6. Scanning electron microscopy fractography images of the LPBF processed  CP-Ti samples 
after the tensile test as a function of different strain rates.  

4.4 Summary 
The LPBF CP-Ti samples exhibit a martensitic structure offering high strength in these 
materials. This martensite strengthening resulted in improved tensile strength. Moreover, 
CP-Ti showed improved compressive strength and higher deformability in compression 
compared to the same material manufactured using conventional processing. This gives 
an advantage to use LPBF CP-Ti for load-bearing implants.  

However, it is noteworthy that the compressive strength and resultant Young’s 
modulus of CP-Ti are considerably higher than those of natural bone, may lead to 
stress-shielding effect. This issue may be addressed by fabricating porous CP-Ti lattices. 
The LPBF technique facilitates the production of such porous structures, allowing for the 
optimization of mechanical properties to closely match those of natural bone (Alkentar 
et al., 2023; Van Bael et al., 2012). This approach is further explored in Chapter 6. 
Mechanical properties are crucial for addressing the stress-shielding and strengthening 
perspective for load-bearing applications. However, the bio-inert behavior of the Ti-based 
implant always perturbed the sole use of the Ti-based alloys. Conversely, ceramics-based 
biomaterials are known for their biocompatibility, corrosion resistance, and compressive 
strength, making them suitable for hard tissue applications.  

Bio-active ceramics, such as HAp (Kumar Yadav et al., 2023), tri-calcium phosphate 
(Yadav et al., 2022), amorphous calcium phosphate (ACP) (Ma et al., 2023), or CaCO3 
shows demonstrate superior bioactivity (RYAN et al., 2006). Notably, CaCO3 is the 
primary component of natural bone, coexisting with HAp and collagen, making, it easy  
to osseointegrate. The main advantage of using CaCO3-based implants is their 
bioresorbability. Bioresorbable materials also degrade like biodegradable materials but 
also release a controlled amount of Ca+2 and PO4-3, which act as therapeutic agents to 
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heal bone injuries and increase bactericidal activity (Kumar et al., 2015; Vuola et al., 
1998). However, implants made from these ceramics are prone to brittle failure and have 
inferior mechanical properties, which limits their usage as a bio-implant. Nevertheless, 
the inherent brittleness of ceramics poses a significant risk of early-stage implant failure 
under load-bearing conditions. This creates a critical need for biomaterials that offer 
both mechanical durability and effective biological performance (Kumar et al., 2015), 
(Chu et al., 2006; Kumar, Dhara, et al., 2013; Kumar, Webster, et al., 2013). This has led 
to growing interest in biocomposites that combine the strength and ductility of metals 
with the bioactivity of ceramics. As discussed earlier in chapter 1, eggshells are an 
excellent source of CaCO3, however, standardized manufacturing methods for their use 
remain undeveloped. Moreover, to date no data is reporting the SPS technique to 
produce eggshells/CaCO3 bone implants Hence, the densification of the eggshell powder 
by SPS is elaborated in the next chapter. 
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5 Eggshell densification by SPS 
This chapter discusses the sintering behavior of the calcium carbonate-rich eggshell and 
determines the optimum sintering temperature for its consolidation. 

5.1 Feedstock characterization of eggshell powder 
Table 5.1 details the chemical composition of the feedstock eggshell powder, which is a 
calcareous biomaterial. In other words, the eggshell powder primarily consists of calcium 
carbonate (CaCO3), with calcium (Ca), carbon (C), and oxygen (O) being the predominant 
elements, constituting approximately 32 wt.%, 48 wt.%, and 19 wt.%, respectively 
(Hincke, 2012). In addition to these basic elements, the analysis also confirmed the 
presence of other elements like magnesium (Mg) and silicon (Si), along with trace 
amounts of aluminum (Al), chlorine (Cl), sodium (Na), iron (Fe), phosphorus (P), sulfur 
(S), and strontium (Sr) (Tangboriboon et al., 2012). 

Table 5.1. X-ray fluorescence analysis showing the composition of the raw eggshell powder. 

Elements C O Na Mg Al Si P S Cl Ca Fe Sr 

Concentration 
(wt.%) 19.30 47.51 0.16 0.36 0.19 0.35 0.17 0.19 0.08 31.58 0.05 0.05 

Figure 5.1 presents the characterization of the eggshell powder used in this study. 
The SEM images (Figure 5.1-(a)) reveal that the eggshell powder contains a broad particle 
size distribution having irregularly shaped particles, which is commonly present in 
eggshell powders (Awogbemi et al., 2020). A higher-resolution SEM image of a single 
large particle (Figure 5.1-(b)) shows the presence of open pores, which are naturally 
occurring in eggshells, allowing gas exchange through micropores between the crystalline 
calcite structures (Y. Huang et al., 2020). The particle size distribution of the raw eggshell 
powder is depicted in Figure 5.1-(c), with sizes ranging from 0.50 µm to 52.00 µm and an 
average particle size of 18 ± 12.00 µm, indicating a wide distribution. TGA was conducted 
to assess the thermal stability of the eggshell powder. The mass loss with increasing 
temperature, shown in Figure 5.1-(d), occurs in three distinct stages under ambient 
pressure. The initial mass loss of 0.8%, observed between room temperature and 
approximately 250°C, is attributed to moisture removal from the powder (Cree & Pliya, 
2019; Pedavoah et al., 2018; V. Singh & Sharma, 2017). Eggshells consist of a composite 
structure of non-calcifying membranes (organic matter) and a calcified shell matrix 
(mainly CaCO3). The organic matter, being metastable, decomposes within the 
temperature range of 250 °C to 650 °C, leading to a second mass loss of about 7.6% 
(Cree & Pliya, 2019; Engin et al., 2006; Naemchan et al., 2008b; Pedavoah et al., 2018; 
V. Singh & Sharma, 2017). The third stage, showing a mass loss of ~48.9%, corresponds
to the decomposition of CaCO3, with calcination occurring between 800 °C and 900 °C,
depending on the source and heating conditions (Hossain & Roy, 2018). The calcination
reaction is shown in Eq. 5. Post-calcination, CaO, which is white, porous, and fragile, is
formed (Tangboriboon et al., 2012).

CaCO3 → CaO+ CO2↑…………..  (Eq. 5.1) 
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XRD analysis was performed on the eggshell powder before and after TGA to identify 
the phases present. The XRD pattern of the unprocessed eggshell powder (Figure 5.1-(e)) 
displays peaks at 23.05° (012), 29.41° (104), 35.98° (110), 39.42° (113), 43.17° (202), 
47.52° (018), and 48.58° (116), consistent with the calcite (CaCO3) phase, which is in line 
with other studies (Onwubu et al., 2019). Calcite, one of the three polymorphs of CaCO3, 
is the most thermodynamically stable at room temperature and atmospheric pressure, 
exhibiting a rhombohedral crystal structure (R3�c) (Chang et al., 2017). The most intense 
diffraction peak at 29.41° corresponds to the (104) plane, confirming the presence of 
calcite (Hoque, 2013). CaO being hygroscopic, rapidly absorbs moisture from the 
atmosphere and converts to portlandite, also known as hydrated lime (Usta et al., 2022). 
The portlandite phase has a hexagonal crystal structure (P3�m1) with a:c ratio of 1:1.36 
(Esquivias et al., 2018). The appearance of portlandite supports the decomposition of 
CaCO3 to CaO and its subsequent hydration to Ca(OH)2, as outlined in Eq. 5.1 and 5.2. 

CaO + H2O → Ca(OH) ↑…………..   (Eq. 5.2) 

5.2 SPS of eggshell powder 
The relative density obtained during the SPS process was plotted against various 
parameters, including sintering time (Figure 5.2), sintering temperature (Figure 5.3), 
and holding time (Figure 5.4). These plots provide valuable insights into the densification 
process. As illustrated in Figure 5.2, the densification process during SPS occurs in 
multiple stages, each influenced by the applied pressure and temperature. The initial 
stage involves the application of pressure during the pre-sintering or pre-pressing step, 
where the powders are subjected to 50 MPa of pressure prior to heating. This step plays 
a crucial role in the densification process by facilitating the fragmentation, rearrangement, 
and improved contact between particles. The increased contact area between particles 
during this stage enhances the activation energy required for neck growth, which 
subsequently leads to densification as the necks between particles expand and the 
compact becomes more cohesive. Therefore, a greater number of contact points during 
this stage contributes significantly to the overall densification process (Rahaman, 2014).  

Following the pre-pressing step, the actual sintering process begins, where a high 
electric current is passed through the compact, generating heat through the Joule heating 
phenomenon. The SPS process theorizes that this current flows between adjacent 
particles, creating plasma and electric arcs that increase the sintering temperature, 
promote neck formation, and reduce porosity (L. Huang et al., 2022). This stage is critical 
for achieving densification, as demonstrated by the changes in densification with 
temperature shown in Figure 5.3. Temperature is a key driving force in the sintering 
process, as it influences the activation energy of the sintering mechanisms. There are six 
primary sintering mechanisms at play, three of which contribute to densification. 
The non-densifying mechanisms, which include surface diffusion, lattice diffusion from 
the surface, and vapor transport, primarily result in particle growth without contributing 
to overall densification. In contrast, the densifying mechanisms – grain boundary diffusion, 
lattice diffusion from the grain boundary, and plastic flow – are responsible for the 
significant shrinkage and densification of the compact, as evidenced in Figure 5.3. 
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Figure 5.1. Characterization of the feedstock eggshell powder (a), (b) scanning electron microscopy 
images, (c) particle size measurement plot, (d) thermogravimetric analysis plot, and (e) X-ray 
diffraction patterns of the eggshell powder (adapted from (R. Shukla et al., 2023)). 
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Figure 5.2. Densification curves obtained for different spark plasma sintered samples as a function of 
sintering time (adapted from (R. Shukla et al., 2023)). 

The competition between these mechanisms is strongly temperature-dependent, 
with higher sintering temperatures favoring the densifying mechanisms, leading to 
higher relative densities (L. Huang et al., 2022). Throughout the sintering process, 
the applied pressure of 50 MPa persists, further enhancing particle contacts and driving 
the densifying mechanisms. However, the non-densifying mechanisms are largely 
unaffected by the applied pressure and its impact on the compact structure (Shrivastava 
et al., 2021). Additionally, the simultaneous occurrence of particle fragmentation and 
sintering alters the surface area of the particles, thereby influencing the kinetics of the 
sintering process. These changes can affect the decomposition or recrystallization 
temperatures (Bellucci et al., 2018). Overall, the application of pressure during the hot 
consolidation process plays a crucial role in altering transformation temperatures and 
mechanisms. 
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Figure 5.3. Densification curves obtained for different spark plasma sintered samples as a function of 
temperature (adapted from (R. Shukla et al., 2023)). 

Once the desired sintering temperature is reached, the samples are held at that 
temperature for a specified duration. Figure 5.4 illustrates the effect of holding 
temperature on relative density. At relatively low sintering temperatures, such as 250 °C 
and 500 °C, changes in relative density are minimal. However, at higher holding 
temperatures, the increase in density is primarily due to the elevated temperature rather 
than the duration of holding. This indicates that densifying mechanisms become more 
prominent at higher temperatures, whereas holding time has a negligible effect (Kermani 
et al., 2014). The final stage of the SPS process involves cooling, during which thermal 
shrinkage further densifies the compact. As shown in Figure 5.3, the extent of thermal 
shrinkage and the corresponding changes in densification are highly dependent on the 
sintering temperature. Higher sintering temperatures result in greater expansion of the 
compact, leading to more significant changes in relative density compared to lower 
temperatures. Consequently, at lower sintering temperatures (250 °C and 500 °C), 
changes in relative density are minimal, resulting in a relatively flat curve. In contrast, 
higher sintering temperatures (850 °C, 900 °C, and 1000 °C) yield more pronounced 
changes in relative density (Rahaman, 2014).  
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Figure 5.4. Densification curves obtained for different spark plasma sintered samples as a function of 
dwell time (adapted from (R. Shukla et al., 2023)). 

5.3 Characterization of eggshell compacts 
Figure 5.5 presents SEM images of the eggshell samples sintered at six different 
temperatures. These images clearly highlight the differences in density and porosity 
among the samples sintered at 250 °C, 500 °C, 750 °C, and 850 °C. As observed, 
the eggshell powder sintered at 250 °C and 500 °C retained individual particle structures 
even after the SPS process, indicating insufficient densification at these temperatures 
(63% and 60% relative density, respectively). As the sintering temperature increased, 
the compact became denser due to the activation of various sintering mechanisms and 
the reduction of particle boundaries, which almost disappear at 850 °C. However, even 
at this temperature, a network of closed porosity was still present (R. Shukla et al., 2020). 
The densities achieved are mentioned in Table 5.2. 
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Figure 5.5. Scanning electron microscopy images of the eggshell powder sintered at various 
temperatures (a), (b) 250 °C, (c), (d) 500 °C, (e), (f) 750 °C, (g), (h) 850 °C, (i), (j) 900 °C, and (k), 
(l) 1000 °C, respectively (adapted from (R. Shukla et al., 2023)). 

Table 5.2. Achieved sinter density at various sintering temperatures. 

Sintering Temperature 250 °C 500 °C 750 °C 850 °C 900 °C 1000 °C 
Achieved Density (%) 60 ± 1 63 ± 2 78 ± 0.1 87 ± 1 88 ± 3 88 ± 3 

Figure 5.6 presents the XRD patterns of the eggshell powder sintered at various 
temperatures. The XRD patterns, as depicted in Figure 5.6, reveal the crystalline structure 
of the sintered compacts. The prominent peaks observed in the XRD graph confirm the 
rhombohedral crystal structure, which corresponds to the calcite phase of calcium 
carbonate (CaCO3). Notably, all major peaks are concentrated around 29°, aligning with 



56 

the (104) plane of the calcite phase. Despite the sintering process being conducted at 
temperatures exceeding the typical decomposition temperature of CaCO3 (800 °C), no 
additional peaks were detected that would indicate the presence of calcium oxide (CaO) 
or calcium hydroxide (Ca(OH)2). This suggests that during SPS, the decomposition 
temperature of CaCO3 shifts above 1000 °C. These XRD results clearly indicate that the 
sintered compacts are predominantly composed of the calcite phase, with no evidence 
of phase transformation (Tangboriboon et al., 2012). 

The FTIR spectra, shown in Figure 5.7, provide detailed information regarding the 
various stretching and bending vibrations of the functional groups present in the sintered 
eggshell compacts. Across all sintering temperatures, the FTIR spectra demonstrates the 
presence of consistent functional groups, with no significant differences observed. 
The FTIR analysis of the eggshell powder identified four major peaks at 1410 cm-1, 
1084 cm-1, 873 cm-1, and 712 cm-1, which are characteristic of the carbonate group 
(Naemchan et al., 2008b; Yilmaz et al., 2019). Eggshells primarily consist of CaCO3, where 
the ionic bond between calcium and carbonate ions is complemented by covalent bonds 
within the carbonate group. In carbonates, the carbon atom is covalently bonded to 
three oxygen atoms, and this C-O bond is responsible for the vibrations detected in the 
FTIR spectra (Wong, 1991) (Shafiu Kamba et al., 2013).  

Figure 5.6. X-ray diffraction patterns of the eggshell powder spark plasma sintered at 250 °C, 500 °C, 
750 °C, 850 °C, 900 °C, and 1000 °C, respectively (adapted from (R. Shukla et al., 2023)). 

The symmetric vibration (v1), typically found at 1083 cm-1, was weakly present in the 
eggshell powder and diminished further with increasing sintering temperatures, 
as evidenced by a decrease in peak intensity, which is consistent with previous reports 
on CaCO3 (Kim et al., 2021). A prominent peak at 1410 cm-1 corresponds to the 
asymmetric stretching (v3) of the carbonate ion (CO2-3), characterized by molecules 
moving towards and away from each other with varying intensities in different directions 
(Fleet, 2009). Asymmetric stretching can be identified as the to-and-fro moment of 
molecules towards each other, similar to symmetric stretching, but with different 
intensities in each direction (Khan et al., 2001). Additionally, sharp and narrow peaks at 
712 cm-1 and 873 cm-1 were observed, corresponding to symmetric bending (in-plane 
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bending, v4) and asymmetric bending (out-of-plane bending, v2) respectively (Fleet, 
2009). These FTIR spectra corroborate previous findings and confirm the presence of 
carbonate ions, even in compacts sintered at elevated temperatures such as 1000 °C. 
The presence of trace elements like magnesium (Mg) and sodium (Na) in the eggshells, 
which may exist in carbonate forms along with calcium carbonate, is likely responsible 
for variations in peak intensity relative to sintering temperature. 

Figure 5.7. Fourier-transformed infrared spectroscopy traces of the eggshell powder spark plasma 
sintered at 250 °C, 500 °C, 750 °C, 850 °C, 900 °C, and 1000 °C, respectively (adapted from (R. Shukla 
et al., 2023)). 

The microhardness test results for the sintered eggshell compacts are depicted in 
Figure 5.8. Among the tested samples, the compact sintered at 850 °C exhibited the 
highest microhardness value of 157 ± 6 HV0.05. Conversely, compacts sintered at 750 °C, 
900 °C, and 1000 °C displayed similar hardness values of 149 ± 5, 149 ± 7, and 148 ± 8 HV0.05, 
respectively. This indicates that increasing the sintering temperature beyond 850°C does 
not significantly influence the microhardness of the eggshell compacts. The hardness 
values are closely associated with the density of the compacts, and since compacts 
sintered at 850 °C, 900 °C, and 1000 °C exhibited similar theoretical densities (and 
comparable porosity levels), their hardness values were nearly identical. Also, it is 
interesting to note that all these samples show the presence of similar phases that are 
also attributed to the presence of similar (Gong, 2003; Tang & Gong, 2013)(Gong, 2003; 
Tang & Gong, 2013). Notably, the hardness values are consistent with those reported for 
pure calcite phases (105–140 HV) (Pandya et al., 1983; Wong, 1991). 
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Figure 5.8. Microhardness values of the spark plasma sintered eggshell powder at different 
temperatures: 750 °C, 850 °C, 900 °C, and 1000 °C (adapted from (R. Shukla et al., 2023)). 

5.4 Summary 
Sintering is highly temperature-dependent, with higher sintering temperatures leading 
to denser samples through porosity reduction. Consequently, the SPS graph for eggshell 
powder sintered at higher temperatures (850 °C, 900 °C, and 1000 °C) in Figure 5.3 reflects 
the highest achievable density. Both XRF and XRD analyses confirm the dominance of the 
calcite phase (CaCO3) as the major phase, even in samples sintered at temperatures up 
to 1000 °C. According to TGA, the decomposition of CaCO3 into CaO should commence 
at 800 °C, which could complicate the production of pore-free, dense samples at 
temperatures exceeding 800°C. However, the concurrent application of pressure and 
heat during the SPS process appears to alter the kinetics of this decomposition reaction 
(Bellucci et al., 2018). The XRD and FTIR analyses of eggshell samples sintered above 
800 °C (850 °C, 900 °C, and 1000 °C) showed that the calcite phase remained unchanged, 
with no evidence of calcination, like the original eggshell powder. This suggests that the 
decomposition reaction temperature has been elevated, preventing decomposition even 
at 1000 °C. Moreover, the optimal balance of densification and microhardness was 
achieved at 850 °C, with no significant improvement observed upon increasing the sintering 
temperature to 900 °C or 1000 °C. It is also noteworthy that sintering the eggshell powder 
at higher temperatures did not yield an optimal combination of mechanical properties. 
Thus, 850 °C is determined to be the optimal sintering temperature for eggshell powder 
compaction, enabling the production of dense compacts without the addition of reactive 
phases. 

This chapter finalized the optimum sintering parameters for the consolidation of 
eggshell powder by SPS. The optimum sintering temperature and pressure is found to be 
850 °C and 50 MPa pressure, respectively. These findings establish a foundational step 
towards the fabrication of Ti-eggshell composites. The next chapter will focus on the 
fabrication of CP-Ti lattice structures and their integration with eggshell powder to create 
the Ti-eggshell composite. 
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6 Fabrication of eggshell-based composite 
This chapter discusses the production of Ti-eggshell composite and hence involves 
processing parameters and properties optimized in Chapters 4 and 5. As discussed in 
Chapter 4, to produce implants with desired mechanical properties, porous lattices are 
involved. Hence the first part of the chapter discusses the fabrication of CP-Ti lattice 
LPBF, which in the later part of the chapter integrated with the eggshell powder to 
fabricated novel Ti-eggshell composite. The structure- mechanical properties correlation 
was established for the composite. In addition to this, the produced composite was 
tested for the bacterial and cytotoxicity studies. The mechanisms involved in bacterial 
adhesion and growth will be elucidated. 

6.1 Microarchitecture of CP-Ti lattice 
The microarchitecture of the lattice structure designed to fabricate CP-Ti using LPBF is 
furnished in Figure 6.1. In the current study, a hexagonal truss-like structure, or a 
hexagonal prism structure (hereafter HXP) was selected for implant design because,  
the HXP structure (with 60–70% porosity (Li et al., 2009; X. P. Tan et al., 2017)) provides 
Young’s modulus in the range of the cortical bone (7–30 GPa) (Hameed et al., 2021) and 
offers good compressibility and energy absorptivity (Choy et al., 2017). The HXP lattice 
includes both vertical and horizontal struts, which are better achievable than inclined 
struts by LPBF (Li et al., 2009; Van Bael et al., 2012).  

Figure 6.1. Micro-architecture of the lattice structure, (a) Computer-aided design (CAD) showing the 
top view of the lattice and the inset showing the structure of an individual strut, (b) CAD design 
showing the side view of the lattice, and (c) optical microscopy image of the printed CP-Ti lattice 
(adapted from (R. Shukla et al., 2024)). 

Figure 6.1 (a, b) show the CAD design of the HXP lattice designed using SolidWorks. 
As shown in the top view (Figure 6.1-(a)), the unit cell is 2 mm in length with a strut 
thickness of 0.2 mm (inset attached in Figure 6.1-(a)). Notably, the individual struts are 
also hexagonal with a strut thickness of 0.2 mm as it is the minimum possible feature 
achievable using the LPBF method. The thin strut size was chosen to reduce the volume 
fraction of CP-Ti in the composite and to increase the volume fraction of eggshell powder. 
A hexagonal prism varies from a honeycomb structure in terms of its side view, as it has 
a truss-like structure (as seen in Figure 6.1-(b)) rather than a wall-like structure. 
The distance between two hexagonal layers is kept at 4 mm, resulting in a unit cell 
width-to-height ratio of 1:2. The relative density of the lattice structure was calculated 
by dividing the lattice structure volume of the unit cell by the total volume of the unit 
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cell. (du Plessis et al., 2018) This calculation yielded a relative density of 36%. Figure 
6.1-(c) displays an optical image of the CP-Ti lattice produced using the LPBF method 
replicating the CAD design within experimental limits. 

6.2 Characterization of the Ti-eggshell composite 
Figure 6.2 presents the XRD patterns for LPBF-fabricated CP-Ti, SPS eggshell compacts, 
and Ti-eggshell composites. The XRD pattern of LPBF CP-Ti and eggshell compact reveals 
prominent peaks of the CP-Ti and eggshell as mentioned in the preceding chapters. 
CP-Ti exhibits peaks at 35.06° (100), 38.36° (002), and 40.11° (101) which correspond to 
the hexagonal close-packed (HCP) crystal structure of titanium, specifically associated 
with the space group P63/mmc (194) (Attar et al., 2014). The XRD pattern of the 
SPS-fabricated eggshell compact (Figure 6.2) displays major peaks at 29.40° (104), 47.46° 
(018), and 48.51° (116). The most intense peak at (104) confirms the presence of the 
calcite phase of calcium carbonate, which possesses a rhombohedral crystal structure 
belonging to the R3�c space group (Chang et al., 2017; Hoque, 2013; Onwubu et al., 2019). 
The XRD pattern of the Ti-eggshell composite, as shown in Figure 6.2, confirms the 
presence of both CP-Ti (HCP structure) and calcite phases, with no additional peaks 
observed, indicating that no interfacial reaction occurred during the SPS process.  

The dislocation density values for the CP-Ti strut after LPBF processing were calculated 
to be 3.8 ± 1 ⅹ 1015 m/m3. Such high dislocation densities are characteristic of 
LPBF-processed materials. Similar high dislocation density were also observed in alloys 
like Al-based, Ti-based, Co-based, and Ag-based. The rapid cooling rate during LPBF 
resembles the quick quenching of the material, leading to the formation of metastable 
phases with a high concentration of geometrically necessary dislocations (GNDs). 
The lattice parameters for the martensitic phase are determined to be a = 2.9506 Å, and 
c = 4.6850 Å, resulting in a c/a ratio of ~1.5878. This ratio is notably lower than the ideal 
value of 1.633 indicating that the dimensions along the c-axis are considerably smaller 
than those along the a-axis. In contrast to the quenching effect in LPBF, during the 
composite fabrication process via SPS, the CP-Ti lattice and eggshell powders are heated 
to 850 °C (below the beta transus temperature) for 5 min followed by slow cooling inside 
a graphite die, resembling an annealing process. As a result, the CP-Ti undergoes an 
annealing-like treatment during composite fabrication. Consequently, the dislocation 
density after the fabrication process decreases to 6 ± 2 ⅹ 1014 m/m3. The lattice 
parameters of CP-Ti also change, with a and c values of 2.9508 Å and 4.6882 Å, 
respectively, resulting in a c/a ratio of 1.5888. Generally, the c/a ratio of Ti is observed 
to be 1.5888, which is still lower than the ideal hcp c/a ratio of 1.633. 

The microstructural analysis in Figure 6.3 (a, b) further confirms the presence of a 
martensitic structure (α’), characterized by observable martensitic plates. As discussed 
in Chapter 4, due to the rapid cooling inherent in the LPBF process, the solidification 
conditions Favor the formation of a martensitic phase with this HCP structure (Attar 
et al., 2015). This microstructure is consistent with findings reported by Attar et al. 
(Attar et al., 2014) and Gu et al. (Gu et al., 2012) in their studies on LPBF-fabricated 
CP-Ti. During the LPBF process, the multiple scans induce multiple cooling cycles, which 
further refine the martensitic structure. The modified martensite can be classified based 
on the dimensions of its major and minor axes. As indicated by black arrows in Figure 
6.3-(a, b), martensitic plates with a major axis exceeding 20 µm are identified as primary 
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martensite, those with dimensions between 10 µm and 20 µm are classified as secondary 
martensite, and plates with major axes ranging from 1 µm to 10 µm are termed ternary 
martensite (J. Yang et al., 2016). 

Figure 6.2. XRD of CP-Ti produced by LPBF, Eggshell compact produced by SPS, and Ti- eggshell 
composite (adapted from (R. Shukla et al., 2024)). 

The SEM image in Figure 6.3-(c) of the SPS-fabricated eggshell compact reveals 
noticeable porosity, with the compacts achieving a density of 87 ± 1% similar to those 
mentioned in Chapter 5 (R. Shukla et al., 2023). In Figure 6.4-(a), the SEM image shows 
the CP-Ti lattice before undergoing SPS consolidation. The average strut length deviated 
by approximately 23% from the CAD design. However, post-SPS (Figure 6.4-(b)), 
the average strut length remained consistent, although with greater deviation. Notably, 
Figure 6.4-(b) illustrates that the strut lengths varied, with some areas elongating while 
others contracted, likely due to the thermal and mechanical energies applied during the 
SPS process. The strut width also increased post-SPS, resulting in a reduced distance 
between parallel struts. The applied pressure of 50 MPa during SPS to densify the lattice 
contributed to these dimensional changes (Rahmani et al., 2022). Additionally, the edges 
of the struts exhibited waviness rather than being straight, a common geometric 
imperfection observed in horizontal struts, often involving overhanging features. 
Overhanging features during LPBF typically lead to irregular surfaces and wavy edges. 
These geometric imperfections, including strut waviness, dimensional and geometric 
deviations, and particle adhesion, are more pronounced in thin-wall or strut structures, 
primarily due to gravitational effects and heat transfer properties. Moreover, necking at 
nodal points was observed, a typical defect when up to five struts converge at a single 
point. Necking contributes to deviations from the original design and affects individual 
strut lengths (L. Liu et al., 2017). In this design, three struts merge from a single plane, 
while two struts converge from a perpendicular plane. Table 6.1 compares the original 
strut dimensions from the CAD design, the dimensions post-LPBF fabrication, and the 
changes after SPS consolidation. The table highlights minor dimensional variations 
between the CAD model and the fabricated sample, attributable to the process capabilities. 
Further changes in the strut dimensions post-SPS, already discussed, are related to the 
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combined effects of thermal and mechanical energies during the consolidation process. 
As illustrated in Figure 6.4-(c), the interface of the composite material (CP-Ti and 
eggshell) shows no defects such as porosity, likely due to the controlled processing 
parameters during SPS consolidation. Furthermore, no new phase formation is observed 
at the interface, indicating the absence of thermal reactions leading to intermetallic 
phase formation, which corroborates the XRD findings. 

Figure 6.3. (a) Optical Microscopy image, (b) SEM image of CP-Ti produced by LPBF, (c) SEM image of 
the eggshell (adapted from (R. Shukla et al., 2024)). 

Figure 6.4. (a) SEM image of the CP-Ti lattice before SPS; (b) SEM image of the CP-Ti- eggshell 
composite, (c) higher magnification SEM image of the CP-Ti- eggshell composite interface (adapted 
from (R. Shukla et al., 2024)). 
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Table 6.1. Table showing the average dimensions (length, width, and distance between two parallel 
struts) observed for the struts calculated from the SEM images and their variations as a function of 
processing conditions (adapted from (R. Shukla et al., 2024)). 

Description Average length of the strut  
(n = 10) (mm) 

Average width of the 
strut  

(n = 10) (mm) 

Average distance between 
two parallel struts (n = 10) 

(mm) 
CAD Design 2.0 0.5–0.7 3.1–3.2 

As-built lattice 1.54 ± 0.09 0.68 ± 0.09 2.83 ± 0.06 
Lattice after 

SPS 1.54 ± 0.15 0.85 ± 0.10 2.68 ± 0.07 

The energy-dispersive X-ray (EDX) mapping of the Ti-eggshell composites is furnished 
in Figure 6.5. It can be observed that the composite samples show the presence of 
elements like Ti, Ca, C, and O. The lattice rich in Ti is surrounded by the elements Ca, C, 
and O, which correspond to the CaCO3 phase. Although several O and C signals were 
detected within the Ti lattice regions, these signals might be attributed to the lower 
X-ray energies associated with O and C elements. In particular, the presence of CaCO3 in
the sample, which is not a good conductor, could lead to charging effects during analysis. 
The charging effects can cause spurious signals or noise, especially from low-energy
X-ray emissions (such as those from O and C), which might then be erroneously
attributed to the Ti lattice regions. The interaction volume in non-conductive areas can
exacerbate this issue, leading to interference with the true material signals. It is noteworthy
to mention that the interfacial reaction between CP-Ti lattice and eggshell powder is
absent and there is no diffusion at the interface under the optimized SPS conditions.

Figure 6.5. The energy dispersive X-ray (EDX) maps taken along the Ti-eggshell composite (a) 
secondary electron image of the composite material. The EDX maps show the presence of elements 
like (b) Ti (CP-Ti lattice) and (c) Ca, (d) O, and (e) C (from eggshell) (adapted from (R. Shukla et al., 
2024)). 

Figure 6.6-(a) presents the room-temperature uniaxial engineering compressive 
stress-strain curves for LPBF-fabricated CP-Ti, SPS-fabricated eggshell compacts, and the 
Ti-eggshell composite. The yield strength (σy) for the CP-Ti sample is approximately 
38 ± 2 MPa, while the eggshell compact exhibits a σy of 155 ± 15 MPa, and the Ti-eggshell 
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composite displays a σy of 123 ± 34 MPa (refer to Table 6.2). The post-compression test 
images of the samples are provided as insets in Figure 6.6-(a), with enlarged views shown 
in Figure 6.6-(b-d). The CP-Ti lattice after fracture exhibits a plateau, a characteristic 
compressive behavior for porous structures according to ISO 13314 standards (Choy 
et al., 2017). The presence of a smooth plateau region further confirms the ductile nature 
of the lattice (X. P. Tan et al., 2017). The fracture image of the hexagonal Ti lattice 
indicates that the struts of the top layer and the layer directly beneath it are bent at 
angles of 75° and 65°, respectively, but in opposite directions, a phenomenon known as 
sequential bending. The hexagonal lattice structure consists only of struts oriented either 
parallel (vertical struts) or perpendicular (horizontal struts) to the loading direction, 
without any struts angled relative to the loading direction. Choy et al. (Choy et al., 2017) 
previously reported that the horizontal struts remain unaffected by the compressive load 
due to their orientation, while the vertical struts support the horizontal ones, leading to 
the vertical struts bending at an angle of 75° (Choy et al., 2017) However, beyond the 
second layer from the top (Figure 6.6-(b)), the layer thickness remains consistent at 
4 mm, as designed, owing to the sequential bending pattern (X. Huang et al., 2023). 

The ‘saw-tooth’ pattern observed in the plastic region is characteristic of brittle ceramic 
materials, often resulting from the initiation and propagation of micro-cracks, which 
ultimately lead to material failure. In the fractured eggshell sample (Figure 6.6-(a, c)), this 
serrated pattern is indicative of brittle fracture (Pelleg, 2014). The Ti-eggshell composite 
(Figure 6.6-(a, d)) exhibited a combination of the compressive behaviors of both CP-Ti 
and the eggshell. Specifically, it showed an increase in yield strength similar to that of 
the eggshell compact, while its Young’s modulus decreased, resembling the CP-Ti lattice. 
Consequently, the Ti-eggshell composite achieved a compressive yield strength of 
approximately 123 ± 34 MPa and Young’ modulus of around 47 ± 1 GPa, values that align 
closely with those of natural cortical bone (compressive yield strength of 100–130 MPa 
and Young’s modulus of 5–30 GPa) (X. Wang et al., 2016). The optical image of the 
Ti-eggshell composite post-compression test (Figure 6.6-(d)) reveals a compressive 
failure at an angle of approximately 45°, attributed to shear forces, which in this context 
is referred to as diagonal shear, consistent with a brittle fracture. 

Figure 6.6. (a) Room temperature uniaxial compressive stress-strain curves observed for the LPBF-
fabricated CP-Ti lattice, eggshell compact, and CP-Ti-eggshell composites and the inset shows the 
fractured image of the samples. Optical images of the samples showing fractured impact after the 
compression test (b) LPBF-processed CP-Ti lattice (c) SPS-made eggshell compacts, and (d) Ti-eggshell 
composite (adapted from (R. Shukla et al., 2024)). 
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Table 6.2. Table furnishing the Youngs Modulus and the Yield Strength for the CP-Ti lattice, 
consolidated, and Ti-eggshell composites (adapted from (R. Shukla et al., 2024)). 

Description Youngs Modulus (GPa) Yield Strength (MPa) 
CP-Ti 38 ± 1 37 ± 2 

Eggshell 87 ± 11 155 ± 15 
Composite – Ti+ Eggshell 47 ± 2 123 ± 34 

6.3 Cytotoxicity and bacterial study of the Ti-eggshell composite 
Figure 6.7 underscores the potential of the Ti-eggshell composite for biomedical 
applications, particularly where both mechanical strength and biocompatibility are 
critical. Lactate dehydrogenase (LDH) is an intracellular enzyme that serves as an 
indicator of cytotoxicity, with its release signifying cell lysis due to contact with a 
material. Elevated levels of LDH enzyme in the surrounding medium directly indicate 
cytotoxicity, while lower absorbance readings suggest greater cytocompatibility 
(Baghersad et al., 2023). As depicted in Figure 6.7 the cytotoxicity profiles of CP-Ti, 
eggshell, and Ti-eggshell composite were evaluated using adipose-derived stem cells 
(ADSCs). Among these, the eggshell exhibited the lowest absorbance, indicating the least 
LDH release, while the CP-Ti and the Ti-eggshell composite displayed similar absorbance 
levels. Nonetheless, all the tested samples showed significantly lower cytotoxicity than 
the cytotoxic control and no statistical difference from the polystyrene control. 

Figure 6.7. The cytotoxicity analysis for the LPBF-processed CP-Ti lattice, eggshell compact, and  
Ti-eggshell composite on human adipose-derived stem cells. (* p ≤ 0.05) (adapted from (R. Shukla et 
al., 2024)). 

Figure 6.8 presents SEM images of the bacterial strains Staphylococcus aureus (ATCC 
6538) and Pseudomonas aeruginosa (ATCC 10145) after 6 and 24 hours of incubation, 
respectively. The images reveal that bacterial growth is most pronounced on the CP-Ti 
surface, followed by the Ti-eggshell composite and eggshell compacts. Notably, 
the CP-Ti surface supports significant bacterial colonization, with evident biofilm 
formation observed after 24 hours for both bacterial strains. In contrast, the eggshell 
compact shows a marked reduction in bacterial growth, likely due to the antibacterial 
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properties of CaCO3, which is particularly effective against Pseudomonas aeruginosa. 
The Ti-eggshell composite, which features both eggshell and CP-Ti surfaces, demonstrates 
reduced bacterial proliferation overall. While the CP-Ti regions within the composite 
exhibit more bacterial growth than the eggshell regions, the total bacterial presence on 
the composite is significantly lower than on CP-Ti alone, and importantly, no biofilm 
formation is detected. The underlying mechanisms of antibacterial activity and bacterial 
interaction with these surfaces are further elaborated in Figure 6.9. 

Pseudomonas aeruginosa (P. aeruginosa) and Staphylococcus aureus (S. aureus) are 
well-known representatives of gram-negative and gram-positive bacteria, respectively 
(Lee et al., 2019). The interaction between bacterial cell walls and material surfaces 
begins with the cell wall, the first barrier of defense. Gram-negative bacteria, such as 
P. aeruginosa, have a highly complex cell wall structure characterized by a thin layer of
peptidoglycan, while gram-positive bacteria like S. aureus have a thicker peptidoglycan
layer (Madruga et al., 2020).

Figure 6.8. Scanning electron microscopy images of the Staphylococcus aureus bacteria (false-
coloured green) and Pseudomonas aeruginosa bacteria (false-coloured cyan) for the LPBF-fabricated 
CP-Ti, SPS-made eggshell Compact, and the Ti-eggshell composite (abbreviated as composite) 
(adapted from (R. Shukla et al., 2024)). 
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According to the literature, calcium ions can interact and bind with the cell walls of 
both types of bacteria, potentially disrupting energy transport processes (Thomas & Rice, 
2014). Additionally, these ions may permeate the cell wall and interact with the bacterial 
cytoplasmic membrane, affecting cellular processes. In bacterial cells, the proton pump 
plays a critical role by constantly exchanging H+ ions (protons), a process essential for the 
synthesis of adenosine triphosphate (ATP). Eggshells are predominantly composed of 
calcium carbonate (CaCO3), specifically consisting of Ca+2 and CO3-2 ions held together by 
ionic bonds. CaCO3 is highly alkaline, and upon contact with a bacterial solution 
containing water (H2O), it readily reacts with H+ ions, leading to the formation of HCO3- 
and OH- ions. This reaction creates a proton-depleted zone as H+ ions are consumed to 
neutralize CaCO3. The proton gradient across the bacterial cell membrane, essential for 
ATP production via the electron transport chain (ETC), is thereby disrupted (as illustrated 
in Figure 6.9). ATP is a powerhouse of the cell, and interference in ATP synthesis can 
severely impair bacterial growth, and metabolism, and ultimately lead to bacterial death. 
Thus, the alkaline nature of CaCO3 effectively inhibits bacterial growth and biofilm 
formation in eggshell-based bio-implants (Nostro et al., 2012; S. K. Shukla & Rao, 2013; 
J. Tan et al., 2018). In contrast, CP-Ti lacks ions capable of generating a proton-depleted
zone, and titanium is less alkaline than calcium. Although an alkaline environment
generally inhibits bacterial growth, the absence of such ion-mediated interactions in
CP-Ti results in lower bactericidal activity. However, the incorporation of eggshells into
the Ti matrix enhances the bactericidal properties of the composite. This finding suggests 
that the Ti-eggshell composite holds promise as a material for fabricating bactericidal
surfaces and implants.
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Figure 6.9. Schematic diagram illustrating the micro-surface detailing the mechanism involved in the 
antibacterial behavior of the Ti-eggshell composite(adapted from (R. Shukla et al., 2024)). 

6.4 Summary 
This chapter reports the successful fabrication of Ti-eggshell composites using a combined 
approach of LPBF and SPS. The resulting composite demonstrated Young’s modulus and 
compressive strength within the range of natural bone, marking a significant achievement 
in fabricating a bone-mimicking material. Additionally, the produced composite exhibits 
non-cytotoxic characteristics and possesses antibacterial properties, attributed to the 
presence of ions that create a proton-depleted zone, effectively disrupting ATP synthesis. 
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7 Conclusion and outlook of the thesis 

7.1 Conclusions 
This study successfully demonstrates the valorization of eggshell waste into bio-implant 
material, incorporating circular economy principles. The following conclusions are drawn 
from the results: 
• While Ti6Al4V is preferred for high-load applications due to its superior mechanical

properties, CP-Ti is a viable alternative for applications where biocompatibility is
critical. The higher compressive strength and hardness of Ti6Al4V support the choice 
of CP-Ti for bio-implants prioritizing biocompatibility.

• The LPBF process successfully fabricated CP-Ti with improved mechanical properties
compared to conventional methods. This improvement is attributed to the formation
of martensitic microstructures. Mechanical testing revealed the formation of
twins and provided insights into the deformation mechanisms. Fracture surface
analysis showed dimples, microvoids, and quasi-cleavage facets, with microvoid
growth leading to microscopic cracks, increased strength, but reduced fracture
strain.

• SPS testing indicated that sintering above 850 °C did not improve density, with an
optimal density of ~87% achieved at 850 °C.

• The Ti-eggshell composite was successfully fabricated by combining AM and powder
metallurgy (LPBF+SPS). CP-Ti hexagonal lattice structures were produced via LPBF,
with a metastable martensitic phase and dislocations due to rapid cooling during
manufacturing.

• Compression testing showed that the CP-Ti lattice failed by sequential bending, the
eggshell compact failed by brittle fracture, and the Ti-eggshell composite failed via
diagonal shear. The composite exhibited compressive strength and Young’s modulus 
matching that of natural human cortical bone.

• The Ti-eggshell composite was non-cytotoxic to ADSCs, confirming its safety for use
as a biomaterial. The composite also demonstrated significant antibacterial activity
against both Gram-negative (Pseudomonas aeruginosa) and Gram-positive
(Staphylococcus aureus) bacteria, attributed to the disruption of the proton pump
by the eggshell.

• The successful incorporation of eggshell waste into CP-Ti lattice structures aligns
with circular economy principles. The resulting Ti-eggshell composite offers
mechanical properties comparable to natural human bone and shows excellent
biocompatibility and antibacterial properties, making it a promising candidate for
orthopedic and biomedical applications.

7.2 Outlook of the thesis 
• The interface study between the Ti and eggshell should be further study to establish 

a full understanding of the composite.
• The tribological, fatigue, and further testing according to ASTM standards should be

done to standardize this composite.
• The human body can absorb the limited number of ions released from such implants. 

Calcium carbonate releases Ca+2 and CO3-2 ions. These ions are non-toxic and
therapeutic agents. However, the in-vivo testing of the eggshell-based implant
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should be considered to evaluate adverse reactions due to extra dosage or rapid 
degradation of these ions.  

• The interaction with the blood should be considered in evaluating effective
bone-healing and interaction of the implant.
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Abstract 

Development of Ti-eggshell composite for bio-implants 
applications 
The demand for orthopedic implants has escalated due to an increase in the incidence of 
arthritis, accidents, and osteoporosis. Bio-implants for load-bearing applications require 
biocompatibility, corrosion resistance, and a balance of mechanical properties such as 
strength, fatigue resistance, Young’s Modulus, and wear resistance. Commercially pure 
titanium (CP-Ti) is widely considered for biomedical applications due to its superior 
ductility, biocompatibility, and corrosion resistance. However, its mismatch with the 
elastic modulus (100–105 GPa) compared to natural bone (10–30 GPa) leads to stress 
shielding, which can cause bone resorption and implant failure. To address these 
limitations, recent advancements in additive manufacturing (AM) have facilitated the 
development of porous titanium structures that mimic the mechanical properties of 
natural bone, reducing stress shielding. Despite these advancements, the bio-inert 
nature of titanium hampers its ability to fully integrate with bone tissues and promote 
osseointegration. 

In contrast, ceramics, such as calcium carbonate (CaCO3), have demonstrated 
significant potential for biomedical applications due to their bioactivity, bioresorbability, 
and osseointegration capabilities. CaCO3 is present naturally in bone and hence can 
promote bone healing by releasing essential ions (Ca2+, PO43-) and even exhibit 
antibacterial properties. Eggshells, which are 94–95% calcium carbonate, represent a 
significant and underutilized bio-waste. This research aims to valorize eggshell waste by 
incorporating it into orthopedic implants, creating a composite material that combines 
the bioactivity of CaCO3 with the mechanical strength of titanium. This novel approach 
addresses both the environmental challenge of waste disposal and the limitations of 
current titanium implants, particularly their high Young's modulus and susceptibility to 
bacterial infections. 

Mechanical testing of the Ti-eggshell composite revealed compressive strength 
(123 ± 34 MPa) and Young’s modulus (47 ± 1 GPa), values within the range of natural 
human cortical bone (compressive yield strength = 100–130 MPa, and Young’s 
modulus = 5–30 GPa respectively), demonstrating the potential for use in load-bearing 
orthopedic implants. Additionally, cytotoxicity tests showed that the composite was 
non-toxic to adipose-derived stem cells (ADSCs), confirming its biocompatibility. 
Importantly, the Ti-eggshell composite exhibited antibacterial activity against both 
gram-negative (Pseudomonas aeruginosa) and gram-positive (Staphylococcus aureus) 
bacteria, significantly reducing the risk of implant-associated infections (IAIs). 

The innovative combination of titanium and eggshell in this study offers a promising 
solution for orthopedic implants by reducing stress shielding, enhancing osseointegration, 
and providing antibacterial protection. Moreover, by utilizing a bio-waste material in the 
form of eggshells, this research promotes a circular economy approach in biomedical 
manufacturing, aligning with green and sustainable practices. The valorization of eggshell 
waste into high-performance bio-implants represents a significant advancement in both 
environmental stewardship and the development of next-generation orthopedic 
materials. 
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Lühikokkuvõte 

Ti-munakoore komposiidi väljatöötamine bioimplantaatide 
rakenduste jaoks 
Nõudlus ortopeediliste implantaatide järele on suurenenud artriidi, õnnetusjuhtumite ja 
osteoporoosi esinemissageduse suurenemise tõttu. Kandvate rakenduste jaoks mõeldud 
bioimplantaadid nõuavad biosobivust, korrosioonikindlust ja mehaaniliste omaduste, 
nagu tugevus, väsimuskindlus, Youngi moodul ja kulumiskindlus, tasakaalu. 
Kaubanduslikult puhast titaani (CP-Ti) peetakse laialdaselt biomeditsiinilisteks 
rakendusteks tänu selle suurepärasele plastilisusele, biosobivusele ja 
korrosioonikindlusele. Kuid selle ebakõla elastsusmooduliga (100–105 GPa) võrreldes 
loodusliku luuga (10–30 GPa) põhjustab pingevarjestuse, mis võib põhjustada luu 
resorptsiooni ja implantaadi ebaõnnestumist. Nende piirangute lahendamiseks on 
hiljutised edusammud lisandite tootmises (AM) hõlbustanud poorsete titaanstruktuuride 
väljatöötamist, mis jäljendavad loodusliku luu mehaanilisi omadusi, vähendades 
stressivarjestust. Vaatamata nendele edusammudele takistab titaani bioinertne olemus 
selle võimet täielikult luukoega integreeruda ja soodustada luude integratsiooni. 

Seevastu keraamika, nagu kaltsiumkarbonaat (CaCO3), on näidanud märkimisväärset 
potentsiaali biomeditsiinilistes rakendustes tänu nende bioaktiivsusele, 
bioresorbeerumisele ja luude integreerumisvõimele. CaCO3 esineb luus loomulikult ja 
võib seega soodustada luude paranemist, vabastades olulisi ioone (Ca2+, PO43-) ja 
avaldada isegi antibakteriaalseid omadusi. Munakoored, mis on 94–95% 
kaltsiumkarbonaadist, kujutavad endast märkimisväärset ja alakasutatud biojäätmeid. 
Selle uuringu eesmärk on väärtustada munakoore jäätmeid, lisades need 
ortopeedilistesse implantaatidesse, luues komposiitmaterjali, mis ühendab CaCO3 
bioaktiivsuse titaani mehaanilise tugevusega. See uudne lähenemisviis käsitleb nii 
jäätmete kõrvaldamisega seotud keskkonnaprobleeme kui ka praeguste 
titaanimplantaatide piiranguid, eriti nende kõrget Youngi moodulit ja vastuvõtlikkust 
bakteriaalsetele infektsioonidele. 

Ti-munakoore komposiidi mehaaniline testimine näitas survetugevust (123 ± 34 MPa) 
ja Youngi moodulit (47 ± 1 GPa), mis jäävad inimese loomuliku kortikaalse luu vahemikku 
(survevoolupiir = 100–130 MPa ja Youngi moodul = vastavalt 5–30 GPa), mis näitab 
potentsiaali kasutada kandvates ortopeedilistes implantaatides. Lisaks näitasid 
tsütotoksilisuse testid, et komposiit ei olnud rasvast pärinevatele tüvirakkudele (ADSC) 
toksiline, kinnitades selle biosobivust. Oluline on see, et Ti-munakoore komposiidil oli 
antibakteriaalne toime nii gramnegatiivsete (Pseudomonas aeruginosa) kui ka 
grampositiivsete (Staphylococcus aureus) bakterite vastu, vähendades oluliselt 
implantaadiga seotud infektsioonide (IAI) riski. 

Selle uuringu uuenduslik titaani ja munakoore kombinatsioon pakub ortopeediliste 
implantaatide jaoks paljulubavat lahendust, vähendades stressikaitset, suurendades 
luude integratsiooni ja pakkudes antibakteriaalset kaitset. Lisaks sellele, kasutades 
biojäätmeid munakoorte kujul, edendab see uurimus biomeditsiinilises tootmises 
ringmajandust, mis on kooskõlas roheliste ja säästvate tavadega. Munakoorejäätmete 
väärtustamine suure jõudlusega bioimplantaatideks on oluline edasiminek nii 
keskkonnajuhtimises kui ka järgmise põlvkonna ortopeediliste materjalide 
väljatöötamises. 
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Curriculum vitae 
Personal data 

Name: Riddhi Hirenkumar Shukla 
Date of birth:  21/08/1996 
Place of birth: India 
Citizenship:   Indian 

Contact data 
E-mail: riddhishukla2108@gmail.com 

Education 
2021–2024 Tallinn University of Technology, PhD 
2017–2019 Master’s of Engineering (Metallurgical and Materials 

Engineering) 
2013–2017 Bachelor of Engineering (Metallurgy Engineering)  
2008–2013   High school 

Language competence 
English: Fluent 
Hindi:  Fluent 
Gujarati: Mother Tongue 

Research Visits 
1.05.2023–04.09.2023  Colorado State University, Fort Collins, Colorado, USA 
24.10.2022–28.10.2022 Esslingen University, Germany (Blended Intensive 

Program) 
15.09.2022–30.09.2022 Dalarna University, Sweden 

Research Experience 
July 2021 – Present Early-stage researcher – Additive Manufacturing & 

Powder Metallurgy, Tallinn University of Technology 
(TalTech), Estonia 

June 2018 – November 2019 Master’s Project – Powder Metallurgy, Institute for 
Plasma Research, Gandhinagar, India 

July 2016 – April 2017 Intern – Metallurgical Engineering, National 
Metallurgical Laboratory, Jamshedpur, India 

Extra-curricular work 
2024 Runner-up in poster presentation on the topic “My 

day as a PhD student, Life of a materials engineer” in 
doctoral conference held on May 16, 2024, at TalTech 
(Tallinn University of Technology, Estonian Doctoral 
School) 
https://www.doktorikool.ee/en/karjaarikonverents/ 

June 2024 Participated in EuroTeQ Collider at Ecole 
Polytechnique, Paris 

Public Outreach 
• Useless eggshells could be used to make artificial joints!

https://researchinestonia.eu/2024/11/13/eggshells-to-joints/
• Useless eggshells could be used to make artificial joints

https://taltech.ee/en/news/useless-eggshells-could-be-used-make-artificial-joints
• Useless eggshells could be used to make artificial joints

https://novaator.err.ee/1609483741/kasututest-munakoortest-saaks-teha-tehisliigeseid

mailto:riddhishukla2108@gmail.com
https://www.doktorikool.ee/en/karjaarikonverents/
https://researchinestonia.eu/2024/11/13/eggshells-to-joints/
https://taltech.ee/en/news/useless-eggshells-could-be-used-make-artificial-joints
https://novaator.err.ee/1609483741/kasututest-munakoortest-saaks-teha-tehisliigeseid


 

125 

Elulookirjeldus 
Isikuandmed 

Nimi:     Riddhi Hirenkumar Shukla 
Sünniaeg:    21/08/1996 
Sünnikoht:    India 
Kodakondsus:   India 

Kontaktandmed 
E-post:    riddhishukla2108@gmail.com 

Hariduskäik 
2021–2024    Tallinn University of Technology, PhD 
2017–2019   Master’s of Engineering (Metallurgical and Materials 

Engineering) 
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	Introduction
	The increasing prevalence of arthritis, accidents, and osteoporosis has heightened the demand for orthopedic implants that facilitate bone healing and restore disrupted healing processes (Stewart et al., 2019). These implants can be fabricated from metals, ceramics, polymers, or a combination thereof, depending on the specific requirements and location of the bone injury (Li et al., 2017). For load-bearing applications, the implants must exhibit biocompatibility, excellent corrosion resistance, and a favorable combination of mechanical characteristics including strength, fatigue resistance, Young’s modulus, ductility, and wear resistance (Geetha et al., 2009). 
	Commercially pure titanium (CP-Ti) is an unalloyed titanium variant containing approximately 0.1–0.3% oxygen, depending on the grade. CP-Ti is known for its ductility, reduced elastic modulus (105 GPa) (Geetha et al., 2009), and enhanced biocompatibility and corrosion resistance compared to the commonly used Ti6Al4V alloy, making it a promising candidate for biomedical applications. However, there exists a significant challenge in orthopedic implant design related to Young’s modulus mismatch between metallic implants and human cortical bone. The modulus of human cortical bone ranges between 10 GPa and 30 GPa (Geetha et al., 2009). This mismatch can lead to a phenomenon known as stress shielding, where the implant absorbs more stress than the surrounding bone, causing bone resorption and necessitating revision surgeries. To address this, two main strategies have been explored: develop alloys with a lower elastic modulus (Sarraf et al., 2022; L.-C. Zhang et al., 2016) and design porous materials that can mimic the mechanical properties of bone (Lopez-Heredia et al., 2008). Recent advancements in additive manufacturing (AM) have revolutionized the production of orthopedical implants, particularly in the development of porous structures. AM allows for the precise control of porosity, enabling the fabrication of implants that can be customized to meet patient-specific requirements. The incorporation of porosity into implants can significantly reduce their density and modulus, thereby reducing stress shielding (Gokuldoss et al., 2017; S. Liu & Shin, 2019; X. P. Tan et al., 2017). However, the inherent bio-inertness of titanium-based implants limits their functionality, particularly in terms of bioactivity and the ability to integrate seamlessly with bone tissue. 
	On the other hand, ceramics, particularly bioactive ceramics like calcium carbonate (CaCO3), have garnered attention for their biocompatibility, bioresorbability, and ability to promote osseointegration. CaCO3 is naturally found in bone alongside hydroxyapatite and collagen, making it a suitable candidate for bone repair applications. Furthermore, CaCO3 offers the advantage of releasing therapeutic ions, such as Ca+2, during degradation, which can enhance bone healing and offer antibacterial properties (Kumar et al., 2015; Vuola et al., 1998) Eggshells, a common waste in the food industry, are rich in CaCO3 (94–95%), along with traces of other minerals (Cree & Rutter, 2015; Hincke et al., 2012; Mahdavi et al., 2021; Zaman et al., 2018). Despite their potential, eggshells are largely discarded, posing environmental challenges due to the release of harmful gases during decomposition (Freire & Holanda, 2006; R. Shukla et al., 2023; Tangboriboon et al., 2012). This research aims to valorize eggshell waste by incorporating it into orthopedic implants, thus addressing both environmental concerns and the need for sustainable materials in biomedical applications. However, the brittleness of ceramics poses a significant challenge, particularly in load-bearing applications, where mechanical failure is a critical risk (Chu et al., 2006; Kumar, Dhara, et al., 2013; Kumar et al., 2015; Kumar, Webster, et al., 2013). 
	Considering these challenges, this research explores a novel approach to developing biocomposites that combine the mechanical strength of metals with the bioactivity of ceramics. Specifically, this thesis investigates the potential of utilizing eggshells in combination with Ti-based structures, fabricated using a hybrid method (laser powder bed fusion (LPBF) and spark plasma sintering (SPS)). The innovative aspect of this research lies in the utilization of CaCO3 from eggshells – a readily available and sustainable resource – into Ti-based implants, thereby contributing to a circular economy and promoting green manufacturing. The proposed Ti-eggshell composite not only aims to harness the bioactivity and antibacterial properties of CaCO3 but also seeks to overcome the limitations of current Ti-based implants, particularly their susceptibility to bacterial infections. Implant-associated infections (IAI) remain a significant challenge in orthopedic surgery, often leading to implant failure and necessitating further interventions (Ul Haq et al., 2024). By integrating CaCO3, which exhibits inherent antibacterial properties, the composite material developed in this study aims to reduce the risk of IAI and enhance the overall longevity and performance of the implant.
	The objective of this thesis is to advance the development of sustainable orthopedic implants by integrating green manufacturing practices and circular economy principles. This study aims to address the challenges associated with traditional Ti-based implants, which often suffer from issues such as poor interfacial bonding, and stress shielding. Additionally, the present thesis explores the integration of AM techniques to fabricate these bio-implants with tailored porosity and mechanical properties combined with powder metallurgical techniques. 
	The primary focus of this thesis is to produce a bioactive, antibacterial, and natural bone-mimicking composite. The thesis starts with a literature overview of the materials and processes used in this thesis followed by an experimental method. Chapters 3 and 4 elaborate on the structure-processing-properties of the Ti6Al4V and CP-Ti manufactured by LPBF. Chapter 5 emphasizes the optimization of the densification of eggshells by SPS. The combination of Chapter 4 and Chapter 5 by producing a Ti-eggshell composite is elaborated in Chapter 6. The produced composite was tested for mechanical and biological testing. 
	Abbreviations
	Amorphous calcium phosphate
	ACP
	Adipose-derived stem cells
	ADSCs
	Additive Manufacturing
	AM
	American Society for Testing and Materials
	ASTM
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	De-ionized water
	DI
	Energy Dispersive X-ray spectroscopy
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	Implant associated infection
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	inverse fast Fourier transformation image
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	Lack of Fusion
	LOF
	Laser powder bed fusion
	LPBF
	Phosphate Buffer Solution
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	Selected area diffraction pattern
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	SEM
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	TSB
	X-ray diffraction analysis
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	X-ray Florence spectroscopy
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	Terms
	Materials used for bio-implant applications
	Biomaterials
	The ability of a material to interact with biological tissues, often promoting healing or tissue regeneration.
	Bioactivity
	The natural breakdown of materials by biological agents, enabling safe absorption or removal from the body.
	Biodegradation
	Materials that remain stable and non-reactive in the body, avoiding any interaction with surrounding tissues.
	Bioinert
	Materials that dissolve in a controlled manner, providing the therapeutic agent (e.g., Ca+2, PO4-3) during degradation.
	Bioresorbable
	A linear crystalline defect around which there is atomic misalignment.
	Dislocation
	The total dislocation length per unit volume of material; alternately, the number of dislocations that intersect a unit area of a random surface section
	Dislocation density
	A measure of a material’s ability to undergo appreciable plastic deformation before fracture; may be expressed as percent elongation (%EL) or percent reduction in area (%RA) from a tensile test.
	Ductility/ fracture strain
	The change in gauge length of a specimen (in the direction of an applied stress) divided by its original gauge length.
	Engineering strain
	The instantaneous load applied to a specimen is divided by its cross-sectional area before any deformation.
	Engineering stress
	The direct bonding between living bone and an implant, creating a stable and lasting connection.
	Osseointegration
	Deformation that is permanent or nonrecoverable after the release of the applied load.
	Plastic deformation
	Plastic deformation as the result of dislocation motion; also, the shear displacement of two adjacent planes of atoms.
	Slip
	The combination of a crystallographic plane and, within that plane, a crystallographic direction along which slip (i.e., dislocation motion) occurs.
	Slip system
	The natural logarithm of the ratio of instantaneous gauge length to the original gauge length of a specimen being deformed by a uniaxial force.
	True strain
	The instantaneous applied load is divided by the instantaneous cross-sectional area of a specimen.
	True stress
	The maximum engineering stress, in tension, may be sustained without fracture.
	Ultimate tensile strength (UTS)
	The stress required to produce a very slight yet specified amount of plastic strain; a strain offset of 0.002 mm/mm (0.2%) is commonly known as Proof Strength.
	Yield strength (YS)
	α→β transformation temperature
	β-transus temperature
	Symbols
	HCP Titanium
	α
	Martensite
	α’
	BCC Titanium
	β
	micrometer
	µm
	Angstrom
	Å
	Aluminium
	Al
	Carbon
	C
	Chlorin
	Cl
	Elastic modulus
	E
	Vickers hardness value at 50 g load
	HV0.05
	Potassium
	K
	millimeter
	mm
	Sodium
	Na
	nanometer
	nm
	Oxygen
	O
	Sulphur
	S
	Strontium
	Sr
	Vanadium
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	1.1 Additive Manufacturing
	1.1.1 Selective laser melting / Laser powder bed fusion
	1.1.2 Metallic bioimplants
	1.1.2.1 CP-Ti based bioimplants
	1.1.2.2 Ti6Al4V-based bioimplants

	1.1.3 Lattice designs for orthopedic bone implant applications

	1.2 Chicken eggshell and ceramics for bioimplants
	1.3 Fabrication of bio-ceramics by SPS
	1.4 Problem statement and Hypothesis of the research
	1.5 Objectives

	This chapter presents the theoretical foundation essential for comprehending the research conducted in this dissertation. It begins with an overview of the principles of AM processes, with a particular emphasis on the LPBF process. A detailed examination of the SLM process is provided, followed by a discussion on the SPS process. Additionally, the chapter explores the lattice designs employed in orthopedic bio-implants, highlighting their general characteristics, microstructural formation, and the fundamental metallurgy of LPBF Ti6Al4V and CP-Ti. The chapter concludes with an introduction to biomaterials like HAp and CaCO3.
	AM also referred to as 3D printing is a layer-by-layer manufacturing technique. This approach starkly contrasts with subtractive manufacturing techniques, which remove material from a solid block to create the desired shape. 
	During AM fabrication, three primary steps are involved as illustrated in Figure 1.1: 
	1. Firstly, the desired CAD model is developed and tessellated. Here, tessellation involves the fragmentation of the CAD model into layer-by-layer data based on the layer thickness employed.
	2. Next, the tessellated geometry is transmitted to the AM machine. In this step, process parameters are fixed based on the alloy to be fabricated. 
	3. In the final step, the material is deposited layer by layer based on the developed 3D CAD model and given process parameters.
	Certain AM methods or designs may necessitate post-processing steps, such as surface finishing and removal of support structure, etc. As per ISO/ ASTM 52900, AM can be classified into many subcategories. However, LPBF is a commonly used technology for metals and is further discussed in the following subsection (Gibson et al., 2010).
	Among various AM techniques, SLM or LPBF has garnered particular attention due to its capability to produce high-precision, complex metallic parts directly from powder materials. LPBF operates by utilizing a high-powered laser to selectively melt and fuse metallic powders. When the laser is irradiated onto the powder, it is heated by absorption, and if sufficient power is applied, the material melts, forming a liquid melt pool. This molten pool then rapidly solidifies which eventually constitutes the final product. After scanning the cross-section of a layer, the building platform is lowered based on the employed layer thickness, and a new layer of powder is deposited. This cycle is repeated until the entire product is complete. After the process is completed, the unused powder is collected, sieved, and can be reused. To mitigate the curling of the material caused by the accumulation of thermal stresses during the SLM process, the part is constructed on a solid substrate. Due to the high reactivity of titanium alloys, the process must be performed under an inert argon atmosphere. 
	A typical layout of an LPBF machine is illustrated in Figure 1.2. This process enables the production of parts with intricate geometries, internal features, and customized properties that would be challenging or impossible to achieve through conventional manufacturing methods. The capability to produce near-net-shape parts with minimal waste makes LPBF a highly efficient and sustainable manufacturing option. Additionally, the development of new materials and alloys tailored for LPBF has expanded the range of applications, enabling the creation of parts with superior performance characteristics. (Asiva Noor Rachmayani, 2017; Kant, 2024). Recent literature has extensively explored various aspects of LPBF, including the optimization of process parameters, material properties, and post-processing techniques. Table 1.1 briefly describes various process parameters used during the LPBF process.
	/
	Figure 1.1. Schematics illustrating the additive manufacturing process showing the different steps involved. Step 1. CAD model development and tessellation followed by Step 2. Fixing the process parameter and Step 3: fabrication of the material layer-by-layer.
	Microstructure refers to the arrangement of phases and grains within a metal, which directly influences their properties. The microstructure is largely determined by the manufacturing processes employed and the, employed process parameters play a critical role. These parameters not only affect the morphology of grains but also dictate the microstructural features, especially for Ti-based alloys. Epitaxial growth, a process where a new grain grows over a previously solidified grain, typically results in columnar grains that align in a direction opposite to the heat flow in direction. While this columnar structure can enhance mechanical properties along the grain growth direction, it may also introduce anisotropy, where material properties vary depending on their orientation. Microstructure provides a clear link between manufacturing processes and the resulting mechanical, physical, and chemical properties. The LPBF process exhibits distinct macroscopic and microscopic structures, due to its unique thermal process, which differs significantly from traditional manufacturing methods (T. Zhang & Liu, 2022). 
	/
	/
	Figure 1.2. Schematics illustrating the (a) laser powder bed fusion process (Jiao et al., 2018), (b) laser-powder interaction during the laser powder bed fusion process.
	Table 1.1. Table showing the list of processing parameters that could influence the LPBF process (El Wakil, 2019; Gulbrandsen-Dahl et al., 2024; Pandey et al., 2022; Singla et al., 2021).
	Potential Defects
	Impact
	Description
	Parameters
	Parameter Category
	High power: spatter, keyholing; Low power: lack of fusion.
	Affects melt pool size, penetration, and defect formation (e.g., spatter).
	Energy provided by the laser per unit time.
	Laser Power (P)
	Laser Parameters
	Incorrect spot size: poor surface finish, lack of detail.
	Influences resolution and alignment precision.
	Diameter of the laser beam.
	Laser Spot Size
	Laser Parameters
	High speed: lack of fusion; Low speed: overheating, distortion.
	Impacts melt pool size, cooling rate, and heat input.
	Speed at which the laser moves over the powder bed.
	Scan Speed (v)
	Laser Parameters
	Incorrect spacing: un-melted zones, porosity.
	Ensures complete melting and fusion between layers.
	Distance between adjacent laser scan lines.
	Hatch Spacing (h)
	Laser Parameters
	Wide distribution: poor surface quality; Narrow: powder clogging.
	Affects surface finish, packing density, and flowability.
	Range of particle sizes in the powder.
	Particle Size Distribution
	Powder Characteristics
	Irregular shape: poor flowability, inconsistent layer thickness, porosity.
	Spherical powders improve flowability and packing density; irregular shapes can cause uneven layering.
	Morphology of powder particles (e.g., spherical, irregular).
	Powder Shape
	Powder Characteristics
	Poor flowability: inconsistent layers, poor surface finish, porosity.
	Affects uniformity of powder layers and packing density.
	Ease with which powder flows and spreads.
	Powder Flowability
	Powder Characteristics
	Low apparent density: high porosity, weak mechanical properties.
	Affects packing density and the overall density of the final part.
	The bulk density of the powder, considering the voids between particles. Usually, 50% to 70% of the true density.
	Apparent Density
	Powder Characteristics
	Thick layers: lack of fusion; Thin layers: extended build time.
	Balances resolution, surface finish, and build time.
	Thickness of each deposited powder layer.
	Powder Layer Thickness (t)
	Powder Characteristics
	Material-specific defects like oxidation, contamination.
	Determines melting point, thermal conductivity, and optical absorptivity.
	Type of metallic powder used (e.g., titanium, aluminum)
	Powder Material
	Powder Characteristics
	Insufficient pre-heating: warping, delamination.
	Reduces thermal gradients and residual stresses.
	Temperature of the build platform before and during the build.
	Pre-heat Temperature
	Thermal Management
	Fast cooling: high residual stresses, cracks; Slow cooling: grain coarsening.
	Influences residual stress, micro-cracking, and material properties.
	Speed at which the part cools post-laser exposure.
	Cooling Rate
	Thermal Management
	Inconsistent patterns: uneven stress distribution, distortion
	Affects residual stress distribution and part distortion.
	Path followed by the laser (e.g., unidirectional, bidirectional).
	Scan Pattern
	Scanning Strategy
	No rotation: anisotropic properties, distortion
	Helps reduce residual stresses.
	Rotation of scan pattern between successive layers.
	Layer Rotation
	Scanning Strategy
	Poor atmosphere control: oxidation, contamination.
	Prevents contamination and oxidation.
	Gas environment (e.g., argon, nitrogen) used to prevent oxidation.
	Atmosphere
	Environmental Consideration
	Inconsistent conditions: moisture absorption, oxidation.
	Ensures reproducibility and part quality.
	Consistent environmental conditions during the build.
	Humidity & Temperature Control
	Environmental Consideration
	Incorrect treatment: retained stresses, undesired microstructure
	Relieves residual stresses and enhances material properties.
	Thermal treatments applied after the build process.
	Heat Treatment
	Post-Processing Processes
	Inadequate finishing: rough surfaces, dimensional inaccuracies.
	Improves surface quality and dimensional accuracy.
	Processes like machining, polishing, or blasting.
	Surface Finishing
	Post-Processing Processes
	During AM, alloys undergo complex physical processes and thermal histories, including intense Marangoni flow, temperature gradients, and extreme cooling rates. These factors influence the grain morphology, leading to unique microstructural features and higher defect densities compared to cast counterparts (T. Zhang & Liu, 2022). Additionally, AM offers the fabrication of compositionally heterogeneous alloys that were previously not possible using other conventional fabrication processes  (S. Liu & Shin, 2019; Z. Wang et al., 2019). However, LPBF has significant drawbacks in terms of time and cost. The layer-by-layer deposition and solidification process is time-consuming, with build times depending on the material and geometry. Furthermore, the need for high-quality spherical powder, typically produced by expensive atomization techniques, makes production costly and limits its use to specific materials/alloys. Consequently, LPBF is primarily used in aerospace and biomedical implant production, where intricate shapes and a balance between density and properties are essential (T. Zhang & Liu, 2022).
	Titanium and its alloys have become indispensable materials across a multitude of industries due to their remarkable properties, including a high strength-to-weight ratio, excellent corrosion resistance, and outstanding biocompatibility, making them suitable for a wide range of applications, particularly in the aerospace, medical, and dental sectors (Srivatsan & Sudarshan, 2015). Ti has a melting point of 1668 °C, 4.51 g/cm3 density, and two allotropic crystal structures. At room temperature, Ti shows a hexagonal close-packed (HCP) crystal structure known as the α-phase (𝑎 = 2.9504 ± 0.0004 Å, c = 4.6832 ± 0.0004 Å, and c/ 𝑎 = 1.5873) (Joshi, 2006). This phase remains up to 882 °C. Beyond this temperature, Ti undergoes a phase transformation to a body-centered cubic (bcc) structure known as the β-phase (𝑎 = 3.28 ± 0.003 Å). This transformation is crucial in the development of Ti-based alloys, as the balance between the α and β phases can be used to tailor the mechanical properties of the material. Hereafter, α will be used for HCP and β for BCC (Donachie, 2000; Srivatsan & Sudarshan, 2015).
	Upon cooling through the β transition temperature, the β phase transforms into various equilibrium or nonequilibrium phases, depending on the cooling rate and alloying elements. Rapid cooling (water or oil quenching) can transform the β phase to martensite (α′- hcp or α″ orthorhombic phases) (Donachie, 2000; Zheng et al., 2022). The tendency to form α″ over α′ increases with the concentration of β-stabilizer (Donachie, 2000). In contrast, slower cooling transforms the β phase through nucleation and growth into the Widmanstätten α structure. The morphology of the Widmanstätten α phase can vary from a colony of similarly aligned α laths to a basket-weave pattern, depending on the cooling rate or alloying addition, with finer lamellar structures forming at higher cooling rates. During slow cooling, the α phase may also precipitate along prior β grain boundaries (Donachie, 2000; Joshi, 2006; Zheng et al., 2022). Additionally, the microstructure may retain small amounts of β phase, with the quantity of retained β increasing as the solute content rises. 
	Generally, bio-implants are manufactured from SS316L (Elastic Modulus (E) close to 210 GPa), Co-Cr (E around 230 GPa), and Ti-based alloys (E approximately 100–110 GPa) (Geetha et al., 2009). Since the development of biocompatible and high strength-to-weight ratio Ti6Al4V ELI (extra low interstitial impurity content) alloy, it has become the preferred choice and has been widely used. Ti6Al4V ELI can be manufactured easily, and the microstructure can be altered easily. However, alloying elements like Al and V pose long-term issues in the human body, such as Alzheimer's disease, and other neurological side-effects making it not the ideal candidate for bio-implant applications (Attar et al., 2020; Prakasam et al., 2017; Sarraf et al., 2022).
	CP-Ti is an unalloyed commercially pure- Ti containing, 0-0.4% oxygen. Based on the oxygen content and as per ASTM F67-13(2017), it is divided into different grades. The CP-Ti Grade 1 has the lowest oxygen content of 0.18% and it is soft and ductile, with a typical Ultimate Tensile Strength (UTS) of 240 MPa and Yield Strength (YS) of 170 MPa. The CP-Ti Grade 2 has 0.25% oxygen content and has moderate strength and ductility, with UTS and YS values of 345 MPa and 275 MPa, respectively. The CP-Ti Grade 3 and Grade 4 have a higher oxygen content of 0.35% and 0.40% respectively, resulting in increased strength but reduced ductility. Grade 3 exhibits a UTS of 450 MPa and YS of 380 MPa, while Grade 4 shows the highest strength with a UTS of 550 MPa and YS of 485 MPa (Depboylu et al., 2022; Williams, 2002).
	The limited amount of slip systems in CP-Ti (HCP) complicates dislocation movements compared to BCC and FCC crystal structures. This limitation makes CP-Ti less malleable and more prone to issues like anisotropy and poor formability, especially at room temperature. During LPBF processing, due to limited melt pool stability and inferior surface finishing, CP-Ti poses manufacturability issues. However, researchers have reported the successful fabrication of CP-Ti using LPBF. Attar et al. (Attar et al., 2014) varied the energy density to identify the optimized parameters. This research has investigated the mechanical properties (including -compressive properties, tensile properties, and microhardness) of CP-Ti (Grade 2). The report by Gu et al. (Gu et al., 2012) has demonstrated the effect of the scan speed on densification, achieving nearly fully dense (99.5%) parts without post-treatment. Their experiments showed that optimal LPBF parameters not only improved the hardness and strength of CP-Ti but also maintained its ductility, making it competitive with the traditionally manufactured counterparts. The cooling rate during LPBF, influenced by factors such as energy input and substrate temperature, significantly affects the microstructure of the SLM CP-Ti. The SLM CP-Ti typically, results in a refined α′ martensite, which enhances their mechanical properties, particularly yield strength. (T. Zhang & Liu, 2022)
	As the name suggests, Ti6Al4V is an alloy of Ti having 6% Al, and 4% V commonly known as Ti Grade 5 or Ti64. In trace amounts (0.25%), it may contain oxygen, and nitrogen-like impurities. These interstitials increase the possibility of embrittlement, potent to fail under complex mechanical and biochemical stresses encountered in the human body. This led to the development of the biomedical grade Ti6Al4V grade 23 with extra low-interstitial (ELI) (0.13%). Titanium Grade 23 was developed to meet the stringent requirements of the medical industry, especially for orthopedic and dental implants. The primary mechanical advantage of Grade 23 over Grade 5 lies in its enhanced ductility and toughness, while maintaining high strength. The UTS and YS of Grade 23 are slightly lower than those of Grade 5 due to reduced interstitial hardening, but the trade-off is acceptable for applications where toughness and elongation are more critical. The lower interstitial content in Grade 23 reduces the risk of adverse biological reactions, making it highly biocompatible. This characteristic is particularly important for medical implants, where the material needs to integrate well with human tissues without causing inflammation or rejection. Additionally, the corrosion resistance of the alloy in physiological environments is enhanced, further supporting its use in long-term implants. In contrast, due to the reduction of interstitials, it is very difficult to machine this alloy and hence expensive. However, the requirement of the biochemical and mechanical properties justifies the usage of Grade 23 over Grade 5. As per ASTM standards, Ti6Al4V (ELI) Grade 23 is the medical grade Ti6Al4V and hence in this study, Ti6Al4V implies Ti6Al4V (ELI) Grade 23 and not grade 5 until and unless specified (Donachie, 2000).
	In Ti6Al4V, Al is the α-stabilizer and V is a β-phase stabilizer. This combination puts Ti6Al4V alloy in the α+β category. In general, Ti6Al4V shows the basket-weave-like widmenstatten α+β microstructure at room temperature. However, the microstructure strongly depends on the thermal history and cooling rates. For example, slow cooling results in the above-mentioned α+β microstructure; while fast cooling results in α’ martensitic structure. Ti6Al4V, with its mix of α and β phases, can be more readily processed at both low and high temperatures, offering more flexibility in manufacturing. The behavior of Ti6Al4V alloy during cooling is critical in determining its microstructure and, consequently, its mechanical properties. When the alloy is cooled rapidly from a temperature above the β-transus (the temperature above which the β phase is stable), a martensitic transformation occurs. Specifically, at cooling rates exceeding 410 K/s, the β phase transforms into α’ (alpha prime) martensite. This transformation is diffusionless taking place without the movement of atoms over large distances, resulting in a highly refined microstructure (Donachie, 2000; Zheng et al., 2022).
	The formation of α’ martensite leads to a significant increase in the YS of the alloy, often exceeding 1100 MPa due to the morphology of the martensitic phase. However, an increase in the strength is at the cost of ductility ranging between 5% and 10%. This reduced ductility is a consequence of the brittle nature of the martensitic structure, which limits the alloy’s ability to deform plastically before fracturing. In contrast, if the cooling rate is relatively slow, below 20 K/s, the transformation from the β phase to the α phase takes place through diffusional precipitation. This process allows for the formation of a more equiaxed and coarser α phase, which is typically associated with improved ductility but lower YS compared to the martensitic microstructure (Donachie, 2000; Zheng et al., 2022).
	The ability to tailor the microstructure of Ti6Al4V through controlled cooling and heat treatment allows for the customization of mechanical properties to suit specific applications. During AM processes like LPBF, the inherent rapid cooling favors the formation of α’ martensite. As a result, LPBF-processed Ti6Al4V typically exhibits high strength but relatively low ductility, necessitating post-processing heat treatments if a balanced set of mechanical properties is desired. (Gupta et al., 2021; S. Liu & Shin, 2019; Neikter et al., 2018; Singla et al., 2021; T. Zhang & Liu, 2022)
	AM has emerged as a transformative technology in the biomedical field, particularly in the design and fabrication of orthopedic bone implants. The ability to create complex, patient-specific geometries with precise control over the internal architecture has opened new possibilities for improving the performance and functionality of the implants. Among the various design strategies, lattice structures have gained significant attention due to their potential to mimic the mechanical and biological properties of the natural bone. The difference in Young’s modulus between natural bone and implant creates a stress-shielding effect on the surrounding bone, leading to bone resorption and the need for revision surgery. To reduce stress shielding, it is necessary to lower Young’s modulus, for which two approaches are commonly used. The first involves developing alloys with an elastic modulus in the range of natural bone, such as β-Ti. However, it does not meet the requirement of a strength-modulus trade-off. The second approach involves the production of porous materials, which has gained considerable attention in the recent years. In porous materials, the presence of porosity (open/closed) can significantly reduce the density of the implant, and its Young’s modulus, resulting in a reduced stress-shielding effect (McGregor et al., 2021). 
	Lattice structures in orthopedic implants are characterized by their open, porous features, which can be tailored to match the stiffness and strength of bone while promoting osseointegration and vascularization. These designs are typically composed of repeating unit cells that can be systematically varied in size, shape, and orientation to achieve desired mechanical and biological outcomes. The concept of using lattice structures in bone implants is rooted in the need to address the limitations of traditional solid implants, such as stress shielding, poor integration with the host tissue, and the risk of implant loosening over time. Lattice structures offer a means to tune the mechanical properties of the implant, ensuring load transfer to the surrounding bone and reducing the risk of implant failure. Additionally, the interconnected porosity of lattice designs provides pathways for bone ingrowth and nutrient transport, enhancing the biological integration of the implant (Khan & Riccio, 2024; McGregor et al., 2021; Tao & Leu, 2016).
	Despite their advanced material properties, Ti-based load-bearing implants, such as hip and knee prostheses, face high failure rates. For example, ~600,000 knee replacement surgeries performed as of 2011 experienced implant failure within 15 years. Major factors contributing to these failures include interfacial instability and aseptic loosening. Failures in load-bearing implants generally fall into three primary categories: (1) inadequate interfacial bonding between the implant surface and bone tissue, (2) stress shielding due to the significant modulus mismatch between the implant (110–120 GPa for Ti-based alloys) and human cortical bone (10–30 GPa), and (3) wear-induced osteolysis resulting from the excessive release of metal ions around the bone-implant interface (Bandyopadhyay et al., 2017). To enhance the in vivo longevity of implants, improvements can be made by strengthening the interfacial bond between the implant and bone tissue and by reducing the effective modulus of the implant. One effective strategy involves incorporating a bioceramic coating on the implant surface. Porous materials can reduce the effective modulus of the implant and promote biological fixation by allowing bone growth into the porous structure. This process, known as osseointegration, facilitates a mechanical interlock that improves the stability and performance of the implant. However, limited interfacial strength between the base material and coating, along with potential coating fractures during service, can lead to significant clinical complications (Kumar et al., 2015). In the following section such biomaterials and their fabrication by SPS are discussed.
	Chicken eggs are a daily food ingredient and are widely consumed in Europe and worldwide as a rich source of CaCO3. Approximately 7.0 million tones of eggs were annually used in Europe alone in 2018 (Gautron et al., 2022). The inner core of the egg and the thin protein layer of the egg (albumin) are useful for food processing (Hicks et al., 2023), while 11% of the egg is made up of a ceramic shell (eggshell) ~2000 tons/day is discarded as it is not directly useful for food production. This eggshell layer contains potential nutrients and elements as mentioned in Table 1.2. Eggshells are essentially composites of calcite crystals encased in a protein matrix. Like various mollusk shells, such as those from mussels and oysters, eggshells contain around 88 g of CaCO3 per 100 g of dry weight. This CaCO3 can be readily converted into calcium forms used to synthesize HAp (Kumar Yadav et al., 2023). 
	Table 1.2. Chemical composition of the eggshell (Cree & Rutter, 2015; Hincke, 2012; Mahdavi et al., 2021; R. Shukla et al., 2023; Zaman et al., 2018).
	HAp (Ca10(PO4)6(OH)2) is a prominent bioceramic due to its excellent biocompatibility, non-toxicity, and ability to promote osteointegration and osteoconduction. Its chemical and structural similarity to natural bone supports bone regeneration and integration with host tissue. HAp releases calcium and phosphate ions in biological fluids, which aids in cell proliferation and bone metabolism. While synthetic HAp, produced through methods like mechanochemical reactions, wet chemical precipitation, hydrothermal processes, and sol-gel techniques, is often considered superior due to its controlled composition and absence of contaminants, it is also expensive. Natural sources, such as xenogeneic bone (e.g., bovine) used for HAp production, offer a more cost-effective alternative and can be enhanced through thermal and mechanical processing (Kumar Yadav et al., 2023).
	CaCO3 is found in the natural bone along with HAp and collagen, making, it easy to osseointegrate. The main advantage of using CaCO3-based implants is their bioresorbability. Bioresorbable materials also degrade like biodegradable materials but also release a controlled amount of Ca+2 and PO4-3, which act as therapeutic agents to heal bone injuries and increase bactericidal activity (Kumar et al., 2015; Vuola et al., 1998). Disposal of eggshells not only results in the loss of these elements but also poses waste disposal issues. Dumping in land costs money, the decomposition of organic matter from the eggshell produces ammonia, methane, and hydrogen sulfide-like foul-smelling gases, as well as microbial action of the eggshell, threatens environmental concerns (Freire & Holanda, 2006; R. Shukla et al., 2023; Tangboriboon et al., 2012). Utilizing eggshells as food calcium supplements has not eliminated waste disposal issues. Researchers have tried to use eggshells in different products such as wall tiles (Freire & Holanda, 2006), Cd- and Pb-like heavy metal removal (Tizo et al., 2018) Pd@CaO solar photocatalytic fabrication for wastewater treatment (Nassar & Alotaibi, 2021), and polymer composite (Hanumantharaju et al., 2022; Homavand et al., 2024; Leclair et al., 2021; Owuamanam & Cree, 2020). Despite these efforts, the utilization of eggshell waste remains a major concern. This research aims to utilize eggshell waste in orthopedic bio-implants to produce sustainable bio-implants.
	Several studies have reported the densification of CaCO3 using powder metallurgical and sintering. However, at temperatures exceeding 800–900 °C, CaCO3 tends to decompose into calcium oxide (CaO) and carbon dioxide (CO2) through calcination. This instability during high-temperature processing presents difficulties in achieving proper densification and complicates the fabrication of bone-grafting implants. (Baqain et al., 2023; Combes et al., 2006; Cree & Pliya, 2019; Naemchan et al., 2008a; R. Shukla et al., 2023; Wan et al., 2021; Zaman et al., 2018). To overcome these challenges, researchers have explored the use of dopants or sintering aids to stabilize CaCO3 and achieve densification without decomposition. For instance, Tetrad and Assollant (Tetard et al., 2014) doped CaCO3 with Lithium Phosphate (Li3PO4), attaining 98% relative density at 700 °C using a pressureless sintering technique. Urabe et al. (Chróścicka et al., 2016) employed LiF as an additive to enhance CaCO3 densification, while Vlasov et al. (Vlasov & Poroskova, 1997) incorporated 1–2% Lithium Carbonate (Li2CO3) into the aragonite phase of CaCO3, identifying 620–650 °C as the optimal sintering temperature range. Smirnov et al. (Smirnov et al., 2012) utilized ammonium carbonate to lower the sintering temperature of CaCO3, and Ito et al. (Ito et al., 2017) succeeded in producing a 99% dense compact using a eutectic mixture of KF-NaF-LiF system with CaCO3 and. Despite this research, there remains limited data on the densification of CaCO3. The objective of the present study is to produce bio-implants from eggshells, for which eggshell powder must be densified. 
	SPS (refer to Figure 1.3) also known as Field-Assisted Sintering Technique (FAST), is a powder consolidation method that leverages the simultaneous application of uniaxial pressure and pulsed direct current to achieve rapid sintering of materials at relatively low temperatures. SPS is renowned for its ability to produce materials with superior properties. The principle of SPS involves the generation of spark discharges between powder particles, which results in localized high temperatures and electric fields. These conditions facilitate rapid densification and grain growth, allowing the production of fully dense materials with fine microstructures in a matter of minutes. This rapid sintering process not only enhances the mechanical properties of the materials but also preserves the intrinsic characteristics of the powders, such as nanostructures and phase compositions.
	Recent studies have delved into the mechanisms underlying SPS, exploring the roles of electric fields, current effects, and thermal gradients in the sintering process. The optimization of process parameters such as temperature, pressure, and pulsed current has been a major focus, as these factors critically influence the densification kinetics, microstructural evolution, and resultant material properties. Moreover, SPS has been instrumental in the development of novel materials, including high-entropy alloys, refractory metals, and advanced ceramics. One of the notable advantages of SPS is its ability to sinter materials with complex compositions, which is challenging for conventional sintering methods. The rapid processing times and lower sintering temperatures also result in energy savings and reduced environmental impact, aligning with the growing emphasis on sustainable manufacturing practices. However, challenges such as inhomogeneous temperature distribution, limited scalability, and the need for specialized equipment remain areas of active research.
	SPS is a promising method compared to conventional methods as compaction and sintering occur simultaneously. This not only achieves a higher density but also reduces the sintering time and lowers the sintering temperature. By extending its benefits, it is possible to avoid or limit the decomposition and crystallization phenomena happening in these eggshells (Han et al., 2019; Kawagoe et al., 2008; Orrù et al., 2009; Oza et al., 2021). SPS has been utilized to produce HAp (Kawagoe et al., 2008), tricalcium phosphate implants, and bioglass® owing to its densification at comparatively low temperatures. Moreover, SPS can consolidate a wide variety of materials from amorphous alloys, crystalline materials, composites, and functionally graded materials, etc. (Kamboj et al., 2019; Rahmani et al., 2019, 2020, 2022a; N. Singh et al., 2021; Sokkalingam et al., 2020; Surreddi et al., 2010). For instance, Mechay et al. (Mechay et al., 2014) used SPS to produce HAp-based bone implants and observed suppression of the sintering temperature from 1300 °C to 900 °C as compared to conventional sintering techniques.
	/
	Figure 1.3. Schematic of the spark plasma sintering (SPS) process, illustrating the simultaneous application of uniaxial pressure and pulsed electric current to the powder compact.
	CP-Ti-based metallic implants are beneficial for providing ductility and support essential for bone healing. However, the higher Young’s Modulus induces a stress-shielding effect. To address this, porous CP-Ti implants have been developed using advanced LPBF technology. Albeit these implants have limitations of bioinert behavior and implant-associated infections. Moreover, to easily integrate with the natural bone, bioactivity is crucial. On the other hand, bioceramics such as eggshells possess excellent bioactivity owing to a similar chemical composition to the natural bone. However inferior ductility and concomitant brittleness limit its usage in bio-implants. Moreover, the coating of the bioactive material also faces several challenges due to interfacial bonding and detachment of the coating from the interface. 
	This study hypothesizes that by integrating a bioceramic eggshell with a porous CP-Ti implant produced using LPBF and densified through SPS, a composite implant with the following enhanced properties will be achieved:
	 The bio-implant aims to promote sustainability by repurposing eggshell waste, thereby supporting sustainability and circular economy goals 3, 6 (partially), 9, 12, 13, and 15.
	 The implant is expected to achieve a Young’s Modulus comparable to natural cortical bone, thereby reducing the stress-shielding effect often seen with traditional implants.
	 The combined CP-Ti and eggshell composition is anticipated to provide greater ductility compared to bioceramics like eggshells.
	 The porous structure of the metallic implant will be filled with bioresorbable CaCO₃, allowing for the controlled release of therapeutic agents (in this case Ca+2) during degradation. This release is expected to enhance osseointegration and confer antibacterial properties, addressing IAI risks.
	This study represents a critical advancement in developing advanced bio-implants by integrating principles of circular economy and green manufacturing. It offers a sustainable approach to addressing the challenges of orthopedics implantology, contributing to both environmental stewardship and technological innovation. The present research focuses on the following objectives:
	 To investigate and compare the mechanical properties of Ti6Al4V and CP-Ti fabricated by LPBF, providing insights into material selection for orthopedic implants.
	 To establish the structure-processing-property relationships for the CP-Ti produced by LPBF, enabling the understanding of its properties for use in medical implants.
	 To develop and characterize Ti-eggshell composites that provide both mechanical durability and effective biological performance, ensuring the suitability of the implants for long-term use in orthopedic applications.
	 To investigate the mechanisms of bacterial adhesion and growth on the implant surface, aiming to enhance the antibacterial properties.
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	Ti6Al4V and CP-Ti specimens were fabricated using LPBF Process (SLM Solutions GmbH Realizer SLM-280 device) equipped with a 700 W fiber laser, spot size ~80 μm, and 20–75 μm layer thickness. The device offers a build envelope of 280 × 280 × 350 mm3 and utilizes a single 1070 nm yttrium scanning laser (1 × 700 W). A custom-designed smaller build platform (D100 mm) made from CP-Ti, along with a re-coater, was employed for printing the samples. The scanning parameters for both materials, shown in Table 2.1, were selected based on literature recommendations for CP-Ti (Attar et al., 2014) and optimized parameters provided by SLM Solutions for Ti6Al4V. An Ar atmosphere was maintained throughout the process to reduce oxygen levels to less than 100 ppm. After printing, samples were cut from the build plate by wire EDM.
	Table 2.1. The processing parameters employed to fabricate CP-Ti and Ti6Al4V samples using the LPBF process.
	Commercial eggshell powders were densified using SPS (HPD 10-GB, FCT System GmbH, Germany). A 10 mm diameter graphite mold, equipped with graphite spacers, was employed to prevent a reaction between the graphite mold and the sample. The SPS device is placed under the glove box and hence the SPS process takes place under vacuum. A uniaxial pressure of 50 MPa was applied, along with simultaneous heating. The heating rate was set at 100 °C/ min, with a 5 min holding period at the desired temperatures (i.e., 250 °C, 500 °C, 750 °C, 850 °C, 950 °C, and 1000 °C, respectively). The sintering temperature was monitored using a K-type thermocouple placed into the graphite mold wall. During the SPS process, parameters such as the piston movement (punch displacement), pressure, current, voltage, and temperature were meticulously recorded. The instantaneous change in the punch displacement was calculated using Eq. 2.1, and this instantaneous change in the punch position was directly related to the instantaneous relative density (hereafter relative density) of the sample using Eq. 2.2.
	𝐿= 𝐿𝑓+ ∆𝐿𝑚𝑎𝑥−∆𝐿 …………..   (Eq. 2.1)
	𝐷=𝐿𝑓𝐿𝐷𝑓…………..   (Eq. 2.2)
	where 𝐿 (mm) and 𝐿𝑓 (mm) are the instantaneous and final heights of the sintered compacts, while  ∆𝐿𝑚𝑎𝑥 (mm) and ∆𝐿 (mm) represent the maximum and instantaneous upper punch displacement, respectively. 𝐷 (%) and 𝐷𝑓 (%) denote the instantaneous and final relative densities of the powder compact (Bernard-Granger & Guizard, 2007; L. Huang et al., 2021; Q. Yang et al., 2021). To fabricate the Ti-eggshell composite, the eggshell powder was added to the lattice structure and subjected to SPS. The parameters combination optimized in Chapter 5 was used to sinter the Ti-eggshell composite. 
	Thermogravimetric analysis (TGA) of the eggshell powder was performed using a NETZSCH STA 449 F3 Jupiter, covering a temperature range from room temperature to 1200 °C, with a heating rate of 20 K/min under a nitrogen atmosphere. About 9.5 mg of eggshell powder was used in alumina crucibles without a lid for the analysis. To investigate the structure and functional groups present in the sintered compacts, the infrared spectra for Fourier transform infrared (FTIR) were measured using a Platinum-ATR Alpha FTIR spectrometer (Bruker Optic GmbH, Germany) using the attenuated total reflection (ATR) technique in the wavelength range between 50 cm-1 and 2500 cm-1. The chemical composition of Ti6Al4V and eggshell feedstock powder was determined using X-ray Florence (XRF) (Rigaku Primus II XRF spectrometer) was used to identify. 
	Structural characterization of the samples was carried out using X-ray diffraction (XRD) analysis. The XRD analysis was performed using the Rigaku Smart Lab system with Cu-Kα radiation (λ = 1.5406 Å), operating at a step size of 0.02, and a scan speed of 5°/ min from 20–65°. The dislocation density values were calculated from the XRD patterns using the conventional Williamson-Hall equation. The crystallographic data were also calculated from the XRD patterns.
	To determine the microstructure of the bulk LPBF samples, solids with 5 mm diameter and 5 mm height were produced along with the lattice. They were mounted in epoxy and followed by the standard metallographic procedures: grinding and polishing with different grades of emery paper to remove all the scratches and mechanical imperfections. The polished surface was etched using a Kroll’s reagent observed under optical microscopy (Leica Microsystems) and high-resolution – scanning electron microscope (HR-SEM) (model – Zeiss Gemini SEM 450). Whereas to characterize SEM of the sintered compacts, polishing up to 4000-grid SiC paper was performed. ImageJ was used to investigate and extract the statistical data such as powder particle size and achieved theoretical density in compacts from SEM images. The feedstock Ti6Al4V, CP-Ti, and eggshell powders were also examined under SEM for determining particle shape and size distribution. The microstructure of the Ti-eggshell composite was examined using an HR-SEM fitted with an EDS setup (INCA pental FETX3, Oxford instrument).
	High-resolution imaging was carried out using a transmission electron microscope (TEM, Tecnai G2 F20, FEI, Germany) equipped with a high-angle annular dark-field (HAADF) TEM using an FEI 80-300, and nano-diffraction.
	The microhardness of the eggshell compacts was evaluated using an Indentec 5030 kV (Indentec Hardness Testing Machines Limited, West Midlands, UK), applying a load of 50 g and dwell time of 10 s. Due to the presence of porosity in the compacts SPS at 250 °C and 500 °C measurement of the indentation size was affected, consequently, the hardness value. Hence, these compacts were excluded from the hardness test.
	The tensile specimens were manufactured with the parameters mentioned in Table 2.1 as per the ASTM standard: ASTM E8 / E8M- 13 a. The dimensions of the tensile specimen are shown in Figure 2.1. Room temperature uniaxial tensile test was conducted using an Instron test 5567 screw-driven universal testing machine at different strain rates from 1×10-2 s-1, 1×10-3 s-1, and 1×10-4 s-1. At least three tensile and compressive samples were tested under each condition. In accordance with the ASTM E9-09 standard, cylindrical samples with a diameter of 10 mm and a height of 15 mm were prepared, maintaining the specified height-to-diameter ratio of 1:1.5 for compression testing. The compressive test was conducted on the same Instron test 5567 screw-driven universal testing machine at a strain rate of 10-3 s-1 along the building direction.
	/ 
	Figure 2.1. A schematic sketch showing the dimensions of the tensile samples fabricated as per the -ASTM: E8 /E8M− 13a standards (reproduced from (Karimi et al., 2021)).
	To compare the performance of the Ti-eggshell composite, eggshell compact produced by SPS, and bulk CP-Ti (solids of 10 mm diameter and 6 mm height) were utilized. For cytotoxicity assessment, samples were immersed in ⍺-MEM media (10% fetal bovine serum and 1% penicillin-streptomycin solution). After 24 h, the solution was centrifuged, filtered, and added to the cell culture. Adipose-derived stem cells (ADSCs) at passage 6 were cultured in flasks containing the ⍺-MEM media. The cytotoxicity of samples was determined using a lactate dehydrogenase (LDH) assay (CyQUANTTM LDH Cytotoxicity Assay Kit). When the cells reached 80% confluency, 20,000 cells/mL were seeded into each well of a 24-well plate containing the filtered solution from different samples and incubated for 24 h at 37 °C and 5% CO2, a 50 μL solution from each well was transferred to a 96-well plate, and the standard protocols were followed to assess cytotoxicity. Cells grown in the polystyrene well plate were considered as positive control and cells exposed to lysis buffer served as negative control. The absorbance was measured at 490 nm and 680 nm using a microplate reader (FLUOstar Omega, BMG LABTECH, Cary, NC, USA). The quantitative data were analyzed using two-way ANOVA analysis, followed by post-hoc Tukey’s honestly significant difference (HSD) test, with statistical significance set at p < 0.05, using the origin software.
	The antibacterial activity was evaluated using bacterial cultures of gram-negative pseudomonas aeruginosa (ATCC 10145, referred to as P. aeruginosa) and gram-positive staphylococcus aureus (ATCC 6538, referred to as S. aureus) bacteria. They were cultivated in 8 mL tryptic soy broth (TSB) from Sigma-Aldrich followed by incubating for 12 h at 37 °C. The bacterial solution was diluted until an optical density reading of 0.52 was reached, corresponding to a concentration of 109 colony-forming units (CFU)/mL of TSB solution, measured at a wavelength of 562 nm. The surfaces were cleaned with deionized (DI) water, sterilized under UV light for 60 min and transferred to 24-well plates. 500 μL bacteria solution (106 CFU/mL) was added, and well plates were then incubated at 37 °C for 6 h and 24 h, respectively. After incubation, the bacterial solution was removed, and the surfaces were rinsed with phosphate-buffered saline (PBS). Bacteria on the surfaces were fixed by immersing the samples in a fixative solution (3% glutaraldehyde, 0.1 M sucrose, and 0.1 M sodium cacodylate in DI water) for 45 min. Once the bacteria were fixed, they were allowed to sit in a buffer solution (fixative solution without glutaraldehyde) for 10 min, followed by immersion in 35%, 50%, 70%, and 100% ethanol for 10 min each. The dried samples were stored in a desiccator. Prior to imaging, the surfaces were coated with 10 nm gold (Au) to improve the conductivity of the sample. Bacterial morphology and biofilm formation on different samples were analyzed using FE-SEM (JEOL JSM-6500).
	3 Fabrication of Ti6Al4V Specimens by LPBF
	3.1 Characterization of the feedstock Ti6Al4V powder
	3.2 Characterization of Ti6Al4V fabricated by LPBF
	3.3 Mechanical testing of LPBF Ti6Al4V samples
	3.4 Summary

	This chapter explains the structure-processing-properties correlation in LPBF-fabricated Ti6Al4V and the mechanical properties of the Ti6Al4V are compared with CP-Ti to evaluate the best possible composition for biomedical applications.
	Table 3.1 shows the composition of the Ti6Al4V powder (ASTM grade 23) containing 5.5–6.5 % Al, 3.5–4.5 % V, and a reduced amount of O (0.13) along with other trace elements.
	Table 3.1. Composition of the feedstock Ti6Al4V powder.
	Figure 3.1 shows the feedstock characterization of the Ti6Al4V powder. In the present study, gas-atomized Ti6Al4V powder (Figure 3.1-(a,b)) was used, showing the presence of spherical-shaped particles along with minor satellites. These satellites present on large particles are due to the collision of the fine particles and partially molten particles as a result of gas circulation in the atomizing chamber (Sun et al., 2017). The particle size distribution plot displayed in Figure 3.1-(c) indicates the presence of a wide range of particle sizes, with a mean particle size (d50) of 24 ± 18 µm. Figure 3.1-(d) exhibits the XRD pattern of the Ti6Al4V powder revealing reveals major peaks at 35.06° (1010), 38.36° (0002), 40.11° (1011), 53.62° (1012), and 63.62° (1120), respectively corresponding to the HCP (α/ α’) crystal structure having the space group: P63/mmc (194).
	As illustrated in Figure 3.2-(a), the XRD patterns of LPBF Ti6Al4V exhibit major peaks consistent with those of the original Ti6Al4V powder, indicating the presence of the HCP (α/α′) crystal structure. Notably, there is no evidence of the BCC (β) phase. In conventional processing, such as casting, and SPS (N. Singh et al., 2021), both HCP α-Ti and BCC β-Ti are typically observed due to the allotropic transformation of titanium above its transition temperature (~882 °C). During cooling, the reverse transformation does not fully occur due to the β-stabilizing effect of V, leading to a dual-phase microstructure consisting of both α and β phases (N. Singh et al., 2021). However, in LPBF-processed Ti6Al4V, the cooling rate ranges between 105–106 K/s, preventing the formation of either the α or β phases and instead resulting in the formation of a supercooled α′ martensitic structure. The optical microscopy image in Figure 3.2-(b) and the SEM image in Figure 3.2-(c) reveal an acicular martensitic structure, corroborating the XRD analysis. Both the α and α′ phases exhibit an HCP crystal structure with similar lattice parameters. Hence, the XRD peaks revealing the HCP structure correspond to the martensite structure. Additionally, the rapid thermal cycles inherent to the LPBF process refine the microstructure, producing secondary and tertiary martensite, as shown in Figure 3.2-(d). Yang et al. (Yang et al., 2016) claimed this refinement to the repeated heating and cooling cycles during LPBF, which can induce secondary martensite in regions that have already undergone initial martensitic transformation, leading to more refined martensitic variants. 
	/
	Figure 3.1. Feedstock characterization: Scanning electron microscopy image of the Ti6Al4V powder at (a) lower magnification, and (b) higher magnification. (c) Plot showing the particle size distribution of the employed gas-atomized Ti6Al4V powders where the average particle size is observed to be 24 ± 18 µm, and (d) the corresponding X-ray diffraction pattern of the Ti6Al4V powder.
	The rapid cooling in LPBF generates a high density of dislocations within the martensitic structure, which act as nucleation sites for further martensitic transformations, particularly for secondary and tertiary martensite (Yang et al., 2016). Twinning within the martensitic structure also contributes to the refinement process, as it accommodates strain during transformation and provides additional interfaces for the nucleation of finer martensitic variants. These thermal cycles increase the density of dislocations and twins, resulting in shorter martensitic structures compared to the primary martensite. Furthermore, martensite can be classified based on the dimensions of its major and minor axes: primary martensite typically has a major axis greater than 20 µm and a minor axis varying in the range 1 µm and 3 µm; secondary martensite has a major axis ranging between of 10 µm and 20 µm and a minor axis ranging between –100 nm and 900 nm; tertiary martensite is even smaller in dimensions, with a major axis ranging between 1 µm -10 µm and a minor axis ranging between 20 nm and –90 nm. Quartic martensite, which is even finer, was not identified in the present microstructure (S. Liu & Shin, 2019; J. Yang et al., 2016).
	In addition to the microstructure, Figure 3.2-(c) reveals spherical-shaped porosity in the Ti6Al4V, which is known as the gas porosity. This is commonly observed in the LPBF samples, that ranges from 0.1–0.3 %. The main reason behind this spherical porosity is due to the entrapment of gases that may come from gas flow or adsorbed gases in feedstock powder (Qian et al., 2016) or due to the presence of porosity in the gas-atomized powder.
	/
	Figure 3.2. (a) The X-ray diffraction pattern, (b) optical microscopy image, scanning electron microscopy image at (c) lower magnification, and (d) higher magnification of the LPBF-fabricated Ti6AL4V sample.
	Figure 3.3 shows the tensile and compressive curves of the LPBF Ti6Al4V samples. Ti6Al4V (refer Figure 3.3-(a)) revealed the YS of 1180 ± 10 MPa and UTS of 1275 ± 12 MPa. The fracture strain was observed to be 7 ± 1 MPa and Young’s Modulus of about 106 ± 0.8 GPa. These results are in the range of the previously reported results of LPBF Ti6Al4V (Krakhmalev et al., 2016; Prashanth et al., 2017; Vrancken et al., 2012). The LPBF Ti6Al4V shows hardness in the range of 412 HV0.05. Such high hardness increased tensile strength and reduced ductility are attributed to the presence of the martensitic structure. On the negative side, an increase in mechanical properties increases Young’s Modulus. Young’s Modulus is the primary criterion for selecting a load-bearing implant, since it will widen the gap between natural bone and implant leading to the stress-shielding effect. In addition to the hardness data, as shown in Figure 3.3-(b) compressive yield strength was observed to be 1404 ± 1 MPa, and compressive ultimate strength was found to be 1820 ± 10 MPa with a fracture strain about 18 ± 1 %.
	Figure 3.4 shows the fractography images of the LPBF Ti6Al4V samples after tensile test. The fracture surface reveals a mixed mode of the fracture with feature, where both dimples (correspond to plastic deformation) and with quasi-cleavage facets are observed. As shown in the low magnification fractography image in Figure 3.4-(a), the fracture morphology observed in the central region is ductile with a fibrous texture, dominated by dimples. These dimples are indicative of micro-void coalescence, which occurs during plastic deformation. 
	/
	Figure 3.3. Room temperature mechanical properties of the LPBF Ti6Al4V alloy under (a) Tension and, (b) Compression.
	The outer regions show smooth morphology, where localized shear stresses are concentrated. This combination of ductile and shear regions suggests a mixed mode of fracture typical for LPBF Ti6Al4V under tensile loading. Figure 3.4-(b, c) features quasi-cleavage facets along with localized dimple structures. The dimples arise from the nucleation, growth, and coalescence of microvoids, typical for ductile metals. The higher magnification image Figure 3.4-(c) reveals variations in dimple sizes, suggesting differences in local plasticity and void formation during the tensile test. Quasi-cleavage facets are intermediate to ductile and brittle fracture. In LPBF Ti6Al4V alloys, this is a common feature due to the presence of martensitic needles observed in the initial microstructure. When crack propagates, it progresses through the martensitic colony and produces these quasi-cleavage structures. These structures hampers ductility as compared to the conventional counterpart (Krakhmalev et al., 2016; Prashanth et al., 2017). However, the primary β grain boundary, fusion boundary, or such interface changes the direction of the crack propagation and delays the failure of the material (Krakhmalev et al., 2016; Shifeng et al., 2014). Similar quasi-cleavage facets are visible in Figure 3.4-(e) as well along with localized dimple structure showing localized plastic deformation with brittle fracture. On the other hand, Figure 3.4-(d, f) are higher magnification images of the localized deformed area showing various sizes of the dimple. However, in the image Figure 3.4-(f), dimples are shallow and elongated compared to Figure 3.4-(d) shows the shear lip characteristics. Whereas (Figure 3.4-(d)), the presence of larger dimples indicates that significant energy was absorbed before the final fracture. This also indicates grain boundary fracture or void formation at larger inclusions or defects, leading to the initiation of cracks under tensile loading. Overall, this fractography highlights the mixed-mode failure, influenced by micro-void coalescence, quasi-cleavage facets, and localized plastic deformation, characteristic of LPBF Ti6Al4V under tensile loading.
	There exists a debate about the best possible candidate between Ti6Al4V and CP-Ti for bio-implants. It is very difficult to choose between these two materials (Shah et al., 2016) as CP-Ti does not contain any toxic content but is difficult to manufacture compared to Ti6Al4V. Due to the revolutionization in the manufacturing field, where the Ti6Al4V composition was coined, ease in the fabrication of Ti6Al4V was realized. 
	/
	Figure 3.4. Fractography images of LPBF Ti6Al4V samples after tensile test. (a) A low magnification overview of the fracture surface, (b) a higher magnification image revealing dimple and quasi-cleavage facets, and corresponding (c) higher magnification image showing fine dimples (d) higher magnification image from the center (e) Lower magnification image from the, and corresponding -(f) higher magnification image revealing varying dimple size indicating localized plastic deformation.
	As a rule of thumb, CP-Ti is used for low-strength applications such as an oral implant, and maxillofacial implants, whereas Ti6Al4V is used for load-bearing applications. However, several case studies reported that neurological disorders result due to the presence of toxic elements like Al and V (Abdel-Hady Gepreel & Niinomi, 2013; Attar et al., 2020; Prakasam et al., 2017; Sarraf et al., 2022; X. Wang et al., 2016). As shown in Table 3.2, the tensile and compressive strength of the Ti6Al4V is ~10 times higher than the natural compact bone, while for CP-Ti, these values are around five times higher. Additionally, the present result shows that LPBF CP-Ti implants exhibit lower hardness and compressive strength compared to their Ti6Al4V counterparts. Despite this, Steinemann (Steinemann, 2000) reported that CP-Ti provides better integration to the bone perhaps due to the enhanced corrosion rate compared to Ti6Al4V (Steinemann, 2000; Williams, 2002). This supports the argument that CP-Ti is a more suitable material for orthopedic bio-implant applications than Ti6Al4V. Therefore, in the present research, CP-Ti is selected instead of Ti6Al4V. Moreover, as indicated in Table 3.2, numerous studies have demonstrated that CP-Ti can be effectively manufactured using LPBF, further supporting its viability for its use in orthopedic applications.
	Table 3.2. Comparison of Young’s Modulus and tensile properties of the natural bone, Ti6Al4V and CP-Ti fabricated by various manufacturing methods.
	E (GPa)
	Fracture Strain (%)
	UTS (MPa)
	Processing Method
	Ref.
	YS (MPa)
	Material
	(X. Wang et al., 2016)
	Cortical Bone
	18 ± 4
	-
	135 ± 16
	-
	ASTM F136-13 – Annealed wrought Ti6Al4V
	Wrought followed by annealing
	(ASTM International, 2021)
	-
	≥ 8
	≥ 825
	(Bartolomeu et al., 2022)
	100–110
	920–1140
	10–15
	Wrought
	Ti6Al4V
	ASTM F3302 – 18 AM Ti alloys*
	(ASTM International, 2018)
	-
	≥ 10
	≥ 860
	LPBF
	ASTM F3302 – 18 AM Ti alloys*
	(ASTM International, 2018)
	-
	≥ 18
	≥ 450
	LPBF
	This work
	106 ± 1
	7 ± 1
	1275 ± 12
	LPBF
	Ti6Al4V
	(Prashanth et al., 2017)
	-
	8 ± 1
	1355 ± 20
	LPBF
	Ti6Al4V
	(Vrancken et al., 2012)
	109 ± 3
	7 ± 1
	1267 ± 5
	LPBF
	Ti6Al4V
	(Krakhmalev et al., 2016)
	-
	9 ± 1
	1265 ± 5
	LPBF
	Ti6Al4V
	(Attar et al., 2014)
	CP-Ti Grade 2
	-
	20 ± 2
	757 ± 13
	LPBF
	(Barbas et al., 2012)
	CP-Ti Grade 2
	-
	17
	650
	LPBF
	(D. W. Wang et al., 2019)
	CP-Ti Grade 1
	-
	18 ± 1
	714 ± 4
	LPBF
	(Kang et al., 2017)
	CP-Ti Grade
	-
	-
	LPBF
	(Depboylu et al., 2023)
	CP-Ti Grade
	-
	20
	542
	445
	LPBF
	(Tao et al., 2020)
	CP-Ti Grade 2
	-
	20 ± 1
	630
	732 ± 6
	LPBF
	(Zhou et al., 2019)
	CP-Ti Grade
	-
	6 ± 1
	990 ± 10
	792 ± 5
	LPBF
	(J. Zhang et al., 2021)
	CP-Ti Grade
	-
	34 ± 1
	-
	502 ± 2
	LPBF
	LPBF (Micro-tensile)
	(Wysocki et al., 2017)
	CP-Ti Grade 2
	-
	12-16
	780–850
	600–680
	This chapter provides an in-depth analysis of the mechanical properties of LPBF Ti6Al4V and its correlation with microstructure. The LPBF process induces a martensitic structure, which is linked to the quasi-cleavage and brittle fracture observed in the fractography images, potentially explaining the reduced ductility. However, some regions exhibited ductile fracture (where dimples are observed). The microstructural modification results in improved hardness, as well as higher tensile and compressive strength. This, in turn, raises Young's Modulus of the material, leading to a greater mismatch with natural bone and exacerbating the stress-shielding effect. Hence, comparing these outcomes with the CP-Ti, it reveals that CP-Ti offers superior biological and corrosion properties compared to Ti6Al4V, despite its reduced mechanical properties – a benefit in matching the mechanical properties of natural bone. The primary challenge of CP-Ti is its manufacturing complexity, which can be mitigated by using LPBF instead of traditional methods. Several studies have demonstrated that CP-Ti can be easily manufactured at optimized energy densities using LPBF. However, there remains a gap in the literature regarding the deformation behavior of CP-Ti at various strain rates and its relationship with microstructure and properties. Therefore, the next chapter will focus on exploring the processing-microstructure-property relationship of CP-Ti produced via LPBF.
	4 Fabrication of CP-Ti by LPBF process
	4.1 Characterization of the feedstock CP-Ti powder
	4.2 Characterization of CP-Ti produced by LPBF
	4.3 Mechanical testing of CP-Ti produced by LPBF
	4.4 Summary

	As discussed in Chapter 3, LPBF CP-Ti may be preferred over Ti6Al4V for load-bearing implants, especially considering the stress-shielding effect. However, there lack of information in the regarding the CP-Ti such as the effect of the strain rate on their mechanical properties and its correlation to the microstructure. Hence, this chapter explains the structure-processing-properties correlation of LPBF CP-Ti. 
	Figure 4.1 illustrates the characterization of the feedstock powder used in this study. Gas-atomized CP-Ti powder was utilized (as depicted in Figure 4.1-(a,b)), where the particles exhibit a predominantly spherical shape with wider particle size distribution. Minor satellite particles attached to the boundaries of larger particles are also observed. These satellite particles are typical of gas-atomized powder formed due to the collision of fine and partially molten particles caused by gas circulation within the atomizing chamber (Sun et al., 2017). The particle size distribution (shown in Figure 4.1-(c)) reveals a broad range with a mean size (d50) of 29 ± 13 µm. Additionally, the XRD pattern presented in Figure 4.1-(d) displays prominent peaks at 35.06° (1010), 38.36° (0002), 40.11° (1011), 53.62° (1012), and 63.62° (1120), respectively corresponding to the HCP (α/ α’) crystal structure with the space group P63/mmc (194).
	/
	Figure 4.1. Feedstock characterization Scanning electron microscopy image of the CP-Ti powder at (a) lower magnification, and (b) higher magnification. (c) Plot showing the particle size distribution of the gas-atomized CP-Ti powders where the average particle size is observed to be 29 ± 13 µm (d) X-ray diffraction pattern of the CP-Ti powder showing the presence of the HCP phase.
	As shown in Figure 4.2-(a), the XRD pattern of the LPBF CP-Ti reveals the presence of HCP α/α’ structure. LPBF CP-Ti exhibits major peaks consistent with those of the original CP-Ti powder, indicating the presence of the HCP (α/α′) crystal structure. As shown in Figure 4.2-(b), the microstructure shows the presence of porosity, which can be further categorized based on the shape of the pore. As mentioned in the previous chapter, the spherical porosity correlates to the gas entrapment and is hence known as gas porosity. Whereas irregular-shaped pores are formed due to the lack of fusion during the process (improper process parameters) known as the Lack of fusion (LOF) pores. The SEM images (Figure 4.2-(c)) reveal the presence of an acicular martensitic structure, corroborating the XRD results. Both the α and α′ phases exhibit HCP crystal structure with similar lattice parameters. The rapid thermal cycles inherent to the LPBF process refine the microstructure, producing secondary and tertiary martensite (Figure 4.2-(c)) as explained in the earlier chapter.
	/
	/
	Figure 4.2. (a) X-ray diffraction pattern of the LPBF CP-Ti sample (b) Optical Microscopy image showing the presence of porosity and (c) higher magnification scanning electron microscopy image of the LPBF CP-Ti sample. 
	Figure 4.3 exhibits TEM images of the LPBF-processed CP-Ti. The selected area diffraction pattern (SAED) of LPBF CP-Ti (refer to Figure 4.3-(a)) displays a characteristic HCP pattern, indicative of martensitic phase formation in the case of CP-Ti. The SAED pattern, captured along the [2110] zone axis, exhibits an angle of ~28.62° between the planes AB and ~61.38° between planes BC. The SEAD pattern aligns with the XRD and SEM analyses, where α׳ martensitic structure is identified as the primary phase in the LPBF CP-Ti lattice. The bright field image (refer to Figure 4.3-(b)) illustrates various crystal defects within the LPBF CP-Ti, such as line defects in the form of dislocations. In addition to that, other surface defects such as the grain boundaries and twins/twin boundaries are also present in the LPBF-fabricated CP-Ti. These defects can be owing to the extreme cooling conditions during the LPBF processing of materials. Figure 4.3-(c) illustrates the inverse fast Fourier transformation image (IFT) showing the presence of numerous edge dislocations, including both positive and negative edge dislocations that formed during the solidification process. These edge dislocations can be attributed to the thermal cycling intrinsic to the LPBF process. Predictably, the negative edge dislocation induces the generation of tensile stress on the microstructure and the positive edge dislocation causes compressive stress in return. As shown in Figure 4.3 (c) on the entire surface, multiple positive and negative edge dislocations co-exist, which forms a series of dislocation grids.
	/
	Figure 4.3. The transmission electron microscopy images of the CP-Ti fabricated by laser power-bed fusion process. (a) Selected area diffraction pattern confirming the presence of a hexagonally closed packed structure. (b) Bright-field image showing the presence of imperfections like grain boundaries, twins, and dislocations. (c) Inverse Fourier-filtered image showing the presence of multiple edge dislocations (R. Shukla et al., 2024).
	The mechanical properties are quite important for predicting the performance of the CP-Ti under different loading applications. Figure 4.4-(a) shows the engineering tensile stress-strain curve as a function of different strain rates and Figure 4.4-(b) shows the true stress-strain curves of the LPBF CP-Ti. The mechanical properties data is summarized in 
	Table 4.1 and compared with previously reported results in Table 3.2.
	Slip systems refer to the combination of a slip plane and a slip direction along which dislocation motion occurs, leading to plastic deformation. In crystalline materials, slip generally occurs on planes with the highest atomic density, as these planes offer the least resistance to dislocation motion. In HCP materials, like that of α-Ti, the slip systems are more limited compared to face-cantered cubic (FCC) or body-centered cubic (BCC) structures due to the lower symmetry of the HCP lattice. The HCP unit cell with two lattice parameters: 𝑎 (in the basal plane) and c (along the c-axis). The c/ 𝑎 ratio, for CP-Ti, is ~1.587, which influences the ease of slip in different directions. Ti contains three slip systems, basal plane, prismatic plane, and pyramidal plane. The basal plane (0001), the highest atomic density plane in the HCP structure is parallel to the base of the hexagonal unit cell (refer to Figure 4.4-(c)). Also, it is the plane of closest atomic packing. In this plane, the atoms are arranged in a hexagonal pattern, and the distance between adjacent atoms is minimized, making it the densest plane in the HCP structure. As the slip direction is <1120>, hence, (0001) <1120> is the most common and easiest slip system in the HCP material due to the low critical resolved shear stress (CRSS) required for dislocation motion. The easy slip along the basal plane is responsible for the ductility of the HCP material at lower temperatures. However, because slip is limited to certain planes and directions, HCP metals like Ti can exhibit anisotropy in mechanical properties, with different strengths and ductility along different crystallographic directions. Due to the limited number of slip systems in the HCP structure (compared to FCC materials), HCP metals like Ti can exhibit limited ductility. To accommodate more complex deformations, mechanisms such as twinning, where a portion of the crystal lattice reorients itself to accommodate strain can becomes active. Twinning in Ti often occurs on the (1012) plane and allows for additional deformation along the c-axis. At higher temperatures and higher strain rates, the activation of additional slip systems, including prismatic and pyramidal slip, helps to overcome the limitations imposed by the HCP structure, leading to higher yield strength and improved ductility. Prismatic planes, which are (1010) planes. These planes are perpendicular to the c-axis and contain the <1120> direction. (1010) <1120> is another important slip system, particularly when basal slip alone cannot accommodate the imposed deformation. Pyramidal planes, which can be (1011), (1121), and other higher-index planes. Pyramidal slip systems are less favorable than basal or prismatic slip due to higher CRSS, but they become active at higher stress levels and are essential for accommodating deformation along the c-axis (Salem et al., 2003; Z. Wang et al., 2019).
	/
	Figure 4.4. Mechanical properties for the CP-Ti produced by LPBF. Room temperature tensile stress-strain curves as a function of different strain rates (a) Engineering stress-strain and (b) True tensile stress-strain curves. (c) Schematic illustration of the hexagonal crystal structure showing various planes and directions.
	In general, there are several strengthening mechanisms that explain the strengthening of crystalline materials. However, only a few strengthening mechanisms work for the LPBF CP-Ti. The first strengthening mechanism is solid solution strengthening. Despite having only 0.05% oxygen, owing to interstitial site occupation of the oxygen, strength improves as compared to the purer grade of Ti. (Dong et al., 2020; Yu et al., 2015) have reported that oxygen hinders the screw dislocation motion of the Ti and provides solid solution strengthening. Another strengthening mechanism is the grain boundary strengthening. Due to grain refinement, the number of grain boundaries increases, which perturbs dislocation motion. This dislocation motion is responsible for the plastic deformation and resulting strength of the material. Due to the increase in the number of grain boundaries, dislocation motion is arrested, which results in a reduction in ductility due to a reduction in plasticity and increase in strength. The most important strengthening mechanism is the martensitic formation. In summary, the yield strength in CP-Ti is primarily controlled by the initial activation of the slip systems, with the basal slip system playing a key role. As the material undergoes further deformation, additional slip systems and twinning mechanisms contribute to strain hardening, which in turn increases the UTS. The microstructural features such as grain size and α’ plates, influenced by LPBF, further influence the strength by affecting dislocation motion and the activation of several hardening mechanisms.
	Table 4.1. Table furnishing the Youngs Modulus, ductility, Yield Strength, and the ultimate tensile Strength for the CP-Ti produced by LPBF as a function of different strain rates.
	Fracture Strain (%)
	True UTS (MPa)
	UTS (MPa)
	YS (MPa)
	Strain Rate (s-1)
	12.20
	726.22
	667.75
	593.63
	10-2
	12.80
	692.20
	628.39
	534.66
	10-3
	11.32
	667.20
	615.31
	516.42
	10-4
	As shown in Figure 4.5, the compressive yield strength of LPBF CP-Ti is observed to be 678± 16 MPa. In addition, the sample during compressive test bulges and do not fracture until 50 % deformation. This is advantageous for bone implants, as orthopedic implants typically endure compressive loads. The observed higher deformability under compressive stress reduces the likelihood of premature failure, making it a beneficial for implant materials. As mentioned earlier, the HCP phase in CP-Ti has a limited number of slip systems. Compressive load requires a limited number of slip systems compared to tensile load. Hence CP-Ti shows better compression properties compared to tensile properties. CP-Ti shows hardness in the range of 260 ± 15 HV0.05, which is aligned with the results reported in the literature (refer to Table 3.2). During conventional processing, CP-Ti or Ti6Al4V cannot achieve such high hardness. As discussed, such higher hardness is attributed to the presence of martensitic microstructure.
	Figure 4.6 illustrates the fracture surface of tensile-deformed LPBF CP-Ti, highlighting several microstructural features that influence its mechanical performance. The image reveals the presence of unmelted particles and microporosity, which are prominent along the periphery of the fractured sample. These defects significantly compromise the ductility of the LPBF CP-Ti, leading to premature failure under tensile stress. Notably, samples tested at different strain rates exhibit similar fracture strains, suggesting that the observed imperfections are intrinsic to the material rather than testing conditions. These imperfections are common in additively manufactured materials, where incomplete fusion during processing results in micro defects, compromising the mechanical properties of the material. (Attar et al., 2014) and (D. W. Wang et al., 2019)
	/
	Figure 4.5. Compression stress-strain curve of the LPBF CP-Ti sample.
	have also reported similar results in LPBF CP-Ti. In other areas of the fracture surface, a combination of smooth regions (quasi-cleavage fracture) and dimples are observed. (D. W. Wang et al., 2019) further explained that the quasi-cleavage facets are due to cleaved acicular α’-Ti grains. The surface also exhibited isolated, randomly distributed microscopic voids. (Attar et al., 2014; Kang et al., 2017; D. W. Wang et al., 2019). (Attar et al., 2014) concluded that nucleation and growth of the microvoids led to the formation of microscopic cracks, which propagated along the stress axis. (D. W. Wang et al., 2019) also corroborated above mentioned behavior in the LPBF CP-Ti. 
	/
	Figure 4.6. Scanning electron microscopy fractography images of the LPBF processed  CP-Ti samples after the tensile test as a function of different strain rates. 
	The LPBF CP-Ti samples exhibit a martensitic structure offering high strength in these materials. This martensite strengthening resulted in improved tensile strength. Moreover, CP-Ti showed improved compressive strength and higher deformability in compression compared to the same material manufactured using conventional processing. This gives an advantage to use LPBF CP-Ti for load-bearing implants. 
	However, it is noteworthy that the compressive strength and resultant Young’s modulus of CP-Ti are considerably higher than those of natural bone, may lead to stress-shielding effect. This issue may be addressed by fabricating porous CP-Ti lattices. The LPBF technique facilitates the production of such porous structures, allowing for the optimization of mechanical properties to closely match those of natural bone (Alkentar et al., 2023; Van Bael et al., 2012). This approach is further explored in Chapter 6. Mechanical properties are crucial for addressing the stress-shielding and strengthening perspective for load-bearing applications. However, the bio-inert behavior of the Ti-based implant always perturbed the sole use of the Ti-based alloys. Conversely, ceramics-based biomaterials are known for their biocompatibility, corrosion resistance, and compressive strength, making them suitable for hard tissue applications. 
	Bio-active ceramics, such as HAp (Kumar Yadav et al., 2023), tri-calcium phosphate (Yadav et al., 2022), amorphous calcium phosphate (ACP) (Ma et al., 2023), or CaCO3 shows demonstrate superior bioactivity (RYAN et al., 2006). Notably, CaCO3 is the primary component of natural bone, coexisting with HAp and collagen, making, it easy to osseointegrate. The main advantage of using CaCO3-based implants is their bioresorbability. Bioresorbable materials also degrade like biodegradable materials but also release a controlled amount of Ca+2 and PO4-3, which act as therapeutic agents to heal bone injuries and increase bactericidal activity (Kumar et al., 2015; Vuola et al., 1998). However, implants made from these ceramics are prone to brittle failure and have inferior mechanical properties, which limits their usage as a bio-implant. Nevertheless, the inherent brittleness of ceramics poses a significant risk of early-stage implant failure under load-bearing conditions. This creates a critical need for biomaterials that offer both mechanical durability and effective biological performance (Kumar et al., 2015), (Chu et al., 2006; Kumar, Dhara, et al., 2013; Kumar, Webster, et al., 2013). This has led to growing interest in biocomposites that combine the strength and ductility of metals with the bioactivity of ceramics. As discussed earlier in chapter 1, eggshells are an excellent source of CaCO3, however, standardized manufacturing methods for their use remain undeveloped. Moreover, to date no data is reporting the SPS technique to produce eggshells/CaCO3 bone implants Hence, the densification of the eggshell powder by SPS is elaborated in the next chapter.
	5 Eggshell densification by SPS
	5.1 Feedstock characterization of eggshell powder
	5.2 SPS of eggshell powder
	5.3 Characterization of eggshell compacts
	5.4 Summary

	This chapter discusses the sintering behavior of the calcium carbonate-rich eggshell and determines the optimum sintering temperature for its consolidation.
	Table 5.1 details the chemical composition of the feedstock eggshell powder, which is a calcareous biomaterial. In other words, the eggshell powder primarily consists of calcium carbonate (CaCO3), with calcium (Ca), carbon (C), and oxygen (O) being the predominant elements, constituting approximately 32 wt.%, 48 wt.%, and 19 wt.%, respectively (Hincke, 2012). In addition to these basic elements, the analysis also confirmed the presence of other elements like magnesium (Mg) and silicon (Si), along with trace amounts of aluminum (Al), chlorine (Cl), sodium (Na), iron (Fe), phosphorus (P), sulfur (S), and strontium (Sr) (Tangboriboon et al., 2012).
	Table 5.1. X-ray fluorescence analysis showing the composition of the raw eggshell powder.
	Figure 5.1 presents the characterization of the eggshell powder used in this study. The SEM images (Figure 5.1-(a)) reveal that the eggshell powder contains a broad particle size distribution having irregularly shaped particles, which is commonly present in eggshell powders (Awogbemi et al., 2020). A higher-resolution SEM image of a single large particle (Figure 5.1-(b)) shows the presence of open pores, which are naturally occurring in eggshells, allowing gas exchange through micropores between the crystalline calcite structures (Y. Huang et al., 2020). The particle size distribution of the raw eggshell powder is depicted in Figure 5.1-(c), with sizes ranging from 0.50 µm to 52.00 µm and an average particle size of 18 ± 12.00 µm, indicating a wide distribution. TGA was conducted to assess the thermal stability of the eggshell powder. The mass loss with increasing temperature, shown in Figure 5.1-(d), occurs in three distinct stages under ambient pressure. The initial mass loss of 0.8%, observed between room temperature and approximately 250°C, is attributed to moisture removal from the powder (Cree & Pliya, 2019; Pedavoah et al., 2018; V. Singh & Sharma, 2017). Eggshells consist of a composite structure of non-calcifying membranes (organic matter) and a calcified shell matrix (mainly CaCO3). The organic matter, being metastable, decomposes within the temperature range of 250 °C to 650 °C, leading to a second mass loss of about 7.6% (Cree & Pliya, 2019; Engin et al., 2006; Naemchan et al., 2008b; Pedavoah et al., 2018; V. Singh & Sharma, 2017). The third stage, showing a mass loss of ~48.9%, corresponds to the decomposition of CaCO3, with calcination occurring between 800 °C and 900 °C, depending on the source and heating conditions (Hossain & Roy, 2018). The calcination reaction is shown in Eq. 5. Post-calcination, CaO, which is white, porous, and fragile, is formed (Tangboriboon et al., 2012).
	CaCO3 → CaO+ CO2↑…………..    (Eq. 5.1)
	XRD analysis was performed on the eggshell powder before and after TGA to identify the phases present. The XRD pattern of the unprocessed eggshell powder (Figure 5.1-(e)) displays peaks at 23.05° (012), 29.41° (104), 35.98° (110), 39.42° (113), 43.17° (202), 47.52° (018), and 48.58° (116), consistent with the calcite (CaCO3) phase, which is in line with other studies (Onwubu et al., 2019). Calcite, one of the three polymorphs of CaCO3, is the most thermodynamically stable at room temperature and atmospheric pressure, exhibiting a rhombohedral crystal structure (R3c) (Chang et al., 2017). The most intense diffraction peak at 29.41° corresponds to the (104) plane, confirming the presence of calcite (Hoque, 2013). CaO being hygroscopic, rapidly absorbs moisture from the atmosphere and converts to portlandite, also known as hydrated lime (Usta et al., 2022). The portlandite phase has a hexagonal crystal structure (P3m1) with a:c ratio of 1:1.36 (Esquivias et al., 2018). The appearance of portlandite supports the decomposition of CaCO3 to CaO and its subsequent hydration to Ca(OH)2, as outlined in Eq. 5.1 and 5.2.
	CaO + H2O → Ca(OH) ↑…………..    (Eq. 5.2)
	The relative density obtained during the SPS process was plotted against various parameters, including sintering time (Figure 5.2), sintering temperature (Figure 5.3), and holding time (Figure 5.4). These plots provide valuable insights into the densification process. As illustrated in Figure 5.2, the densification process during SPS occurs in multiple stages, each influenced by the applied pressure and temperature. The initial stage involves the application of pressure during the pre-sintering or pre-pressing step, where the powders are subjected to 50 MPa of pressure prior to heating. This step plays a crucial role in the densification process by facilitating the fragmentation, rearrangement, and improved contact between particles. The increased contact area between particles during this stage enhances the activation energy required for neck growth, which subsequently leads to densification as the necks between particles expand and the compact becomes more cohesive. Therefore, a greater number of contact points during this stage contributes significantly to the overall densification process (Rahaman, 2014). 
	Following the pre-pressing step, the actual sintering process begins, where a high electric current is passed through the compact, generating heat through the Joule heating phenomenon. The SPS process theorizes that this current flows between adjacent particles, creating plasma and electric arcs that increase the sintering temperature, promote neck formation, and reduce porosity (L. Huang et al., 2022). This stage is critical for achieving densification, as demonstrated by the changes in densification with temperature shown in Figure 5.3. Temperature is a key driving force in the sintering process, as it influences the activation energy of the sintering mechanisms. There are six primary sintering mechanisms at play, three of which contribute to densification. The non-densifying mechanisms, which include surface diffusion, lattice diffusion from the surface, and vapor transport, primarily result in particle growth without contributing to overall densification. In contrast, the densifying mechanisms – grain boundary diffusion, lattice diffusion from the grain boundary, and plastic flow – are responsible for the significant shrinkage and densification of the compact, as evidenced in Figure 5.3.
	/
	Figure 5.1. Characterization of the feedstock eggshell powder (a), (b) scanning electron microscopy images, (c) particle size measurement plot, (d) thermogravimetric analysis plot, and (e) X-ray diffraction patterns of the eggshell powder (adapted from (R. Shukla et al., 2023)).
	/
	Figure 5.2. Densification curves obtained for different spark plasma sintered samples as a function of sintering time (adapted from (R. Shukla et al., 2023)).
	The competition between these mechanisms is strongly temperature-dependent, with higher sintering temperatures favoring the densifying mechanisms, leading to higher relative densities (L. Huang et al., 2022). Throughout the sintering process, the applied pressure of 50 MPa persists, further enhancing particle contacts and driving the densifying mechanisms. However, the non-densifying mechanisms are largely unaffected by the applied pressure and its impact on the compact structure (Shrivastava et al., 2021). Additionally, the simultaneous occurrence of particle fragmentation and sintering alters the surface area of the particles, thereby influencing the kinetics of the sintering process. These changes can affect the decomposition or recrystallization temperatures (Bellucci et al., 2018). Overall, the application of pressure during the hot consolidation process plays a crucial role in altering transformation temperatures and mechanisms.
	/
	Figure 5.3. Densification curves obtained for different spark plasma sintered samples as a function of temperature (adapted from (R. Shukla et al., 2023)).
	Once the desired sintering temperature is reached, the samples are held at that temperature for a specified duration. Figure 5.4 illustrates the effect of holding temperature on relative density. At relatively low sintering temperatures, such as 250 °C and 500 °C, changes in relative density are minimal. However, at higher holding temperatures, the increase in density is primarily due to the elevated temperature rather than the duration of holding. This indicates that densifying mechanisms become more prominent at higher temperatures, whereas holding time has a negligible effect (Kermani et al., 2014). The final stage of the SPS process involves cooling, during which thermal shrinkage further densifies the compact. As shown in Figure 5.3, the extent of thermal shrinkage and the corresponding changes in densification are highly dependent on the sintering temperature. Higher sintering temperatures result in greater expansion of the compact, leading to more significant changes in relative density compared to lower temperatures. Consequently, at lower sintering temperatures (250 °C and 500 °C), changes in relative density are minimal, resulting in a relatively flat curve. In contrast, higher sintering temperatures (850 °C, 900 °C, and 1000 °C) yield more pronounced changes in relative density (Rahaman, 2014). 
	/
	Figure 5.4. Densification curves obtained for different spark plasma sintered samples as a function of dwell time (adapted from (R. Shukla et al., 2023)).
	Figure 5.5 presents SEM images of the eggshell samples sintered at six different temperatures. These images clearly highlight the differences in density and porosity among the samples sintered at 250 °C, 500 °C, 750 °C, and 850 °C. As observed, the eggshell powder sintered at 250 °C and 500 °C retained individual particle structures even after the SPS process, indicating insufficient densification at these temperatures (63% and 60% relative density, respectively). As the sintering temperature increased, the compact became denser due to the activation of various sintering mechanisms and the reduction of particle boundaries, which almost disappear at 850 °C. However, even at this temperature, a network of closed porosity was still present (R. Shukla et al., 2020). The densities achieved are mentioned in Table 5.2.
	//
	Figure 5.5. Scanning electron microscopy images of the eggshell powder sintered at various temperatures (a), (b) 250 °C, (c), (d) 500 °C, (e), (f) 750 °C, (g), (h) 850 °C, (i), (j) 900 °C, and (k),(l) 1000 °C, respectively (adapted from (R. Shukla et al., 2023)).
	Table 5.2. Achieved sinter density at various sintering temperatures.
	Figure 5.6 presents the XRD patterns of the eggshell powder sintered at various temperatures. The XRD patterns, as depicted in Figure 5.6, reveal the crystalline structure of the sintered compacts. The prominent peaks observed in the XRD graph confirm the rhombohedral crystal structure, which corresponds to the calcite phase of calcium carbonate (CaCO3). Notably, all major peaks are concentrated around 29°, aligning with the (104) plane of the calcite phase. Despite the sintering process being conducted at temperatures exceeding the typical decomposition temperature of CaCO3 (800 °C), no additional peaks were detected that would indicate the presence of calcium oxide (CaO) or calcium hydroxide (Ca(OH)2). This suggests that during SPS, the decomposition temperature of CaCO3 shifts above 1000 °C. These XRD results clearly indicate that the sintered compacts are predominantly composed of the calcite phase, with no evidence of phase transformation (Tangboriboon et al., 2012).
	The FTIR spectra, shown in Figure 5.7, provide detailed information regarding the various stretching and bending vibrations of the functional groups present in the sintered eggshell compacts. Across all sintering temperatures, the FTIR spectra demonstrates the presence of consistent functional groups, with no significant differences observed. The FTIR analysis of the eggshell powder identified four major peaks at 1410 cm-1, 1084 cm-1, 873 cm-1, and 712 cm-1, which are characteristic of the carbonate group (Naemchan et al., 2008b; Yilmaz et al., 2019). Eggshells primarily consist of CaCO3, where the ionic bond between calcium and carbonate ions is complemented by covalent bonds within the carbonate group. In carbonates, the carbon atom is covalently bonded to three oxygen atoms, and this C-O bond is responsible for the vibrations detected in the FTIR spectra (Wong, 1991) (Shafiu Kamba et al., 2013). 
	/
	Figure 5.6. X-ray diffraction patterns of the eggshell powder spark plasma sintered at 250 °C, 500 °C, 750 °C, 850 °C, 900 °C, and 1000 °C, respectively (adapted from (R. Shukla et al., 2023)).
	The symmetric vibration (v1), typically found at 1083 cm-1, was weakly present in the eggshell powder and diminished further with increasing sintering temperatures, as evidenced by a decrease in peak intensity, which is consistent with previous reports on CaCO3 (Kim et al., 2021). A prominent peak at 1410 cm-1 corresponds to the asymmetric stretching (v3) of the carbonate ion (CO2-3), characterized by molecules moving towards and away from each other with varying intensities in different directions (Fleet, 2009). Asymmetric stretching can be identified as the to-and-fro moment of molecules towards each other, similar to symmetric stretching, but with different intensities in each direction (Khan et al., 2001). Additionally, sharp and narrow peaks at 712 cm-1 and 873 cm-1 were observed, corresponding to symmetric bending (in-plane bending, v4) and asymmetric bending (out-of-plane bending, v2) respectively (Fleet, 2009). These FTIR spectra corroborate previous findings and confirm the presence of carbonate ions, even in compacts sintered at elevated temperatures such as 1000 °C. The presence of trace elements like magnesium (Mg) and sodium (Na) in the eggshells, which may exist in carbonate forms along with calcium carbonate, is likely responsible for variations in peak intensity relative to sintering temperature.
	/
	Figure 5.7. Fourier-transformed infrared spectroscopy traces of the eggshell powder spark plasma sintered at 250 °C, 500 °C, 750 °C, 850 °C, 900 °C, and 1000 °C, respectively (adapted from (R. Shukla et al., 2023)).
	The microhardness test results for the sintered eggshell compacts are depicted in Figure 5.8. Among the tested samples, the compact sintered at 850 °C exhibited the highest microhardness value of 157 ± 6 HV0.05. Conversely, compacts sintered at 750 °C, 900 °C, and 1000 °C displayed similar hardness values of 149 ± 5, 149 ± 7, and 148 ± 8 HV0.05, respectively. This indicates that increasing the sintering temperature beyond 850°C does not significantly influence the microhardness of the eggshell compacts. The hardness values are closely associated with the density of the compacts, and since compacts sintered at 850 °C, 900 °C, and 1000 °C exhibited similar theoretical densities (and comparable porosity levels), their hardness values were nearly identical. Also, it is interesting to note that all these samples show the presence of similar phases that are also attributed to the presence of similar (Gong, 2003; Tang & Gong, 2013)(Gong, 2003; Tang & Gong, 2013). Notably, the hardness values are consistent with those reported for pure calcite phases (105–140 HV) (Pandya et al., 1983; Wong, 1991).
	/
	Figure 5.8. Microhardness values of the spark plasma sintered eggshell powder at different temperatures: 750 °C, 850 °C, 900 °C, and 1000 °C (adapted from (R. Shukla et al., 2023)).
	Sintering is highly temperature-dependent, with higher sintering temperatures leading to denser samples through porosity reduction. Consequently, the SPS graph for eggshell powder sintered at higher temperatures (850 °C, 900 °C, and 1000 °C) in Figure 5.3 reflects the highest achievable density. Both XRF and XRD analyses confirm the dominance of the calcite phase (CaCO3) as the major phase, even in samples sintered at temperatures up to 1000 °C. According to TGA, the decomposition of CaCO3 into CaO should commence at 800 °C, which could complicate the production of pore-free, dense samples at temperatures exceeding 800°C. However, the concurrent application of pressure and heat during the SPS process appears to alter the kinetics of this decomposition reaction (Bellucci et al., 2018). The XRD and FTIR analyses of eggshell samples sintered above 800 °C (850 °C, 900 °C, and 1000 °C) showed that the calcite phase remained unchanged, with no evidence of calcination, like the original eggshell powder. This suggests that the decomposition reaction temperature has been elevated, preventing decomposition even at 1000 °C. Moreover, the optimal balance of densification and microhardness was achieved at 850 °C, with no significant improvement observed upon increasing the sintering temperature to 900 °C or 1000 °C. It is also noteworthy that sintering the eggshell powder at higher temperatures did not yield an optimal combination of mechanical properties. Thus, 850 °C is determined to be the optimal sintering temperature for eggshell powder compaction, enabling the production of dense compacts without the addition of reactive phases.
	This chapter finalized the optimum sintering parameters for the consolidation of eggshell powder by SPS. The optimum sintering temperature and pressure is found to be 850 °C and 50 MPa pressure, respectively. These findings establish a foundational step towards the fabrication of Ti-eggshell composites. The next chapter will focus on the fabrication of CP-Ti lattice structures and their integration with eggshell powder to create the Ti-eggshell composite.
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	This chapter discusses the production of Ti-eggshell composite and hence involves processing parameters and properties optimized in Chapters 4 and 5. As discussed in Chapter 4, to produce implants with desired mechanical properties, porous lattices are involved. Hence the first part of the chapter discusses the fabrication of CP-Ti lattice LPBF, which in the later part of the chapter integrated with the eggshell powder to fabricated novel Ti-eggshell composite. The structure- mechanical properties correlation was established for the composite. In addition to this, the produced composite was tested for the bacterial and cytotoxicity studies. The mechanisms involved in bacterial adhesion and growth will be elucidated.
	The microarchitecture of the lattice structure designed to fabricate CP-Ti using LPBF is furnished in Figure 6.1. In the current study, a hexagonal truss-like structure, or a hexagonal prism structure (hereafter HXP) was selected for implant design because, the HXP structure (with 60–70% porosity (Li et al., 2009; X. P. Tan et al., 2017)) provides Young’s modulus in the range of the cortical bone (7–30 GPa) (Hameed et al., 2021) and offers good compressibility and energy absorptivity (Choy et al., 2017). The HXP lattice includes both vertical and horizontal struts, which are better achievable than inclined struts by LPBF (Li et al., 2009; Van Bael et al., 2012). 
	/
	Figure 6.1. Micro-architecture of the lattice structure, (a) Computer-aided design (CAD) showing the top view of the lattice and the inset showing the structure of an individual strut, (b) CAD design showing the side view of the lattice, and (c) optical microscopy image of the printed CP-Ti lattice (adapted from (R. Shukla et al., 2024)).
	Figure 6.1 (a, b) show the CAD design of the HXP lattice designed using SolidWorks. As shown in the top view (Figure 6.1-(a)), the unit cell is 2 mm in length with a strut thickness of 0.2 mm (inset attached in Figure 6.1-(a)). Notably, the individual struts are also hexagonal with a strut thickness of 0.2 mm as it is the minimum possible feature achievable using the LPBF method. The thin strut size was chosen to reduce the volume fraction of CP-Ti in the composite and to increase the volume fraction of eggshell powder. A hexagonal prism varies from a honeycomb structure in terms of its side view, as it has a truss-like structure (as seen in Figure 6.1-(b)) rather than a wall-like structure. The distance between two hexagonal layers is kept at 4 mm, resulting in a unit cell width-to-height ratio of 1:2. The relative density of the lattice structure was calculated by dividing the lattice structure volume of the unit cell by the total volume of the unit cell. (du Plessis et al., 2018) This calculation yielded a relative density of 36%. Figure 6.1-(c) displays an optical image of the CP-Ti lattice produced using the LPBF method replicating the CAD design within experimental limits.
	Figure 6.2 presents the XRD patterns for LPBF-fabricated CP-Ti, SPS eggshell compacts, and Ti-eggshell composites. The XRD pattern of LPBF CP-Ti and eggshell compact reveals prominent peaks of the CP-Ti and eggshell as mentioned in the preceding chapters. CP-Ti exhibits peaks at 35.06° (100), 38.36° (002), and 40.11° (101) which correspond to the hexagonal close-packed (HCP) crystal structure of titanium, specifically associated with the space group P63/mmc (194) (Attar et al., 2014). The XRD pattern of the SPS-fabricated eggshell compact (Figure 6.2) displays major peaks at 29.40° (104), 47.46° (018), and 48.51° (116). The most intense peak at (104) confirms the presence of the calcite phase of calcium carbonate, which possesses a rhombohedral crystal structure belonging to the R3c space group (Chang et al., 2017; Hoque, 2013; Onwubu et al., 2019). The XRD pattern of the Ti-eggshell composite, as shown in Figure 6.2, confirms the presence of both CP-Ti (HCP structure) and calcite phases, with no additional peaks observed, indicating that no interfacial reaction occurred during the SPS process. 
	The dislocation density values for the CP-Ti strut after LPBF processing were calculated to be 3.8 ± 1 ⅹ 1015 m/m3. Such high dislocation densities are characteristic of LPBF-processed materials. Similar high dislocation density were also observed in alloys like Al-based, Ti-based, Co-based, and Ag-based. The rapid cooling rate during LPBF resembles the quick quenching of the material, leading to the formation of metastable phases with a high concentration of geometrically necessary dislocations (GNDs). The lattice parameters for the martensitic phase are determined to be a = 2.9506 Å, and c = 4.6850 Å, resulting in a c/a ratio of ~1.5878. This ratio is notably lower than the ideal value of 1.633 indicating that the dimensions along the c-axis are considerably smaller than those along the a-axis. In contrast to the quenching effect in LPBF, during the composite fabrication process via SPS, the CP-Ti lattice and eggshell powders are heated to 850 °C (below the beta transus temperature) for 5 min followed by slow cooling inside a graphite die, resembling an annealing process. As a result, the CP-Ti undergoes an annealing-like treatment during composite fabrication. Consequently, the dislocation density after the fabrication process decreases to 6 ± 2 ⅹ 1014 m/m3. The lattice parameters of CP-Ti also change, with a and c values of 2.9508 Å and 4.6882 Å, respectively, resulting in a c/a ratio of 1.5888. Generally, the c/a ratio of Ti is observed to be 1.5888, which is still lower than the ideal hcp c/a ratio of 1.633.
	The microstructural analysis in Figure 6.3 (a, b) further confirms the presence of a martensitic structure (α’), characterized by observable martensitic plates. As discussed in Chapter 4, due to the rapid cooling inherent in the LPBF process, the solidification conditions Favor the formation of a martensitic phase with this HCP structure (Attar et al., 2015). This microstructure is consistent with findings reported by Attar et al. (Attar et al., 2014) and Gu et al. (Gu et al., 2012) in their studies on LPBF-fabricated CP-Ti. During the LPBF process, the multiple scans induce multiple cooling cycles, which further refine the martensitic structure. The modified martensite can be classified based on the dimensions of its major and minor axes. As indicated by black arrows in Figure 6.3-(a, b), martensitic plates with a major axis exceeding 20 µm are identified as primary 
	martensite, those with dimensions between 10 µm and 20 µm are classified as secondary martensite, and plates with major axes ranging from 1 µm to 10 µm are termed ternary martensite (J. Yang et al., 2016).
	/
	Figure 6.2. XRD of CP-Ti produced by LPBF, Eggshell compact produced by SPS, and Ti- eggshell composite (adapted from (R. Shukla et al., 2024)).
	The SEM image in Figure 6.3-(c) of the SPS-fabricated eggshell compact reveals noticeable porosity, with the compacts achieving a density of 87 ± 1% similar to those mentioned in Chapter 5 (R. Shukla et al., 2023). In Figure 6.4-(a), the SEM image shows the CP-Ti lattice before undergoing SPS consolidation. The average strut length deviated by approximately 23% from the CAD design. However, post-SPS (Figure 6.4-(b)), the average strut length remained consistent, although with greater deviation. Notably, Figure 6.4-(b) illustrates that the strut lengths varied, with some areas elongating while others contracted, likely due to the thermal and mechanical energies applied during the SPS process. The strut width also increased post-SPS, resulting in a reduced distance between parallel struts. The applied pressure of 50 MPa during SPS to densify the lattice contributed to these dimensional changes (Rahmani et al., 2022). Additionally, the edges of the struts exhibited waviness rather than being straight, a common geometric imperfection observed in horizontal struts, often involving overhanging features. Overhanging features during LPBF typically lead to irregular surfaces and wavy edges. These geometric imperfections, including strut waviness, dimensional and geometric deviations, and particle adhesion, are more pronounced in thin-wall or strut structures, primarily due to gravitational effects and heat transfer properties. Moreover, necking at nodal points was observed, a typical defect when up to five struts converge at a single point. Necking contributes to deviations from the original design and affects individual strut lengths (L. Liu et al., 2017). In this design, three struts merge from a single plane, while two struts converge from a perpendicular plane. Table 6.1 compares the original strut dimensions from the CAD design, the dimensions post-LPBF fabrication, and the changes after SPS consolidation. The table highlights minor dimensional variations between the CAD model and the fabricated sample, attributable to the process capabilities. Further changes in the strut dimensions post-SPS, already discussed, are related to the combined effects of thermal and mechanical energies during the consolidation process. As illustrated in Figure 6.4-(c), the interface of the composite material (CP-Ti and eggshell) shows no defects such as porosity, likely due to the controlled processing parameters during SPS consolidation. Furthermore, no new phase formation is observed at the interface, indicating the absence of thermal reactions leading to intermetallic phase formation, which corroborates the XRD findings.
	/
	Figure 6.3. (a) Optical Microscopy image, (b) SEM image of CP-Ti produced by LPBF, (c) SEM image of the eggshell (adapted from (R. Shukla et al., 2024)).
	/
	Figure 6.4. (a) SEM image of the CP-Ti lattice before SPS; (b) SEM image of the CP-Ti- eggshell composite, (c) higher magnification SEM image of the CP-Ti- eggshell composite interface (adapted from (R. Shukla et al., 2024)).
	Table 6.1. Table showing the average dimensions (length, width, and distance between two parallel struts) observed for the struts calculated from the SEM images and their variations as a function of processing conditions (adapted from (R. Shukla et al., 2024)).
	The energy-dispersive X-ray (EDX) mapping of the Ti-eggshell composites is furnished in Figure 6.5. It can be observed that the composite samples show the presence of elements like Ti, Ca, C, and O. The lattice rich in Ti is surrounded by the elements Ca, C, and O, which correspond to the CaCO3 phase. Although several O and C signals were detected within the Ti lattice regions, these signals might be attributed to the lower X-ray energies associated with O and C elements. In particular, the presence of CaCO3 in the sample, which is not a good conductor, could lead to charging effects during analysis. The charging effects can cause spurious signals or noise, especially from low-energy X-ray emissions (such as those from O and C), which might then be erroneously attributed to the Ti lattice regions. The interaction volume in non-conductive areas can exacerbate this issue, leading to interference with the true material signals. It is noteworthy to mention that the interfacial reaction between CP-Ti lattice and eggshell powder is absent and there is no diffusion at the interface under the optimized SPS conditions. 
	/
	Figure 6.5. The energy dispersive X-ray (EDX) maps taken along the Ti-eggshell composite (a) secondary electron image of the composite material. The EDX maps show the presence of elements like (b) Ti (CP-Ti lattice) and (c) Ca, (d) O, and (e) C (from eggshell) (adapted from (R. Shukla et al., 2024)).
	Figure 6.6-(a) presents the room-temperature uniaxial engineering compressive stress-strain curves for LPBF-fabricated CP-Ti, SPS-fabricated eggshell compacts, and the Ti-eggshell composite. The yield strength (σy) for the CP-Ti sample is approximately 38 ± 2 MPa, while the eggshell compact exhibits a σy of 155 ± 15 MPa, and the Ti-eggshell composite displays a σy of 123 ± 34 MPa (refer to Table 6.2). The post-compression test images of the samples are provided as insets in Figure 6.6-(a), with enlarged views shown in Figure 6.6-(b-d). The CP-Ti lattice after fracture exhibits a plateau, a characteristic compressive behavior for porous structures according to ISO 13314 standards (Choy et al., 2017). The presence of a smooth plateau region further confirms the ductile nature of the lattice (X. P. Tan et al., 2017). The fracture image of the hexagonal Ti lattice indicates that the struts of the top layer and the layer directly beneath it are bent at angles of 75° and 65°, respectively, but in opposite directions, a phenomenon known as sequential bending. The hexagonal lattice structure consists only of struts oriented either parallel (vertical struts) or perpendicular (horizontal struts) to the loading direction, without any struts angled relative to the loading direction. Choy et al. (Choy et al., 2017) previously reported that the horizontal struts remain unaffected by the compressive load due to their orientation, while the vertical struts support the horizontal ones, leading to the vertical struts bending at an angle of 75° (Choy et al., 2017) However, beyond the second layer from the top (Figure 6.6-(b)), the layer thickness remains consistent at 4 mm, as designed, owing to the sequential bending pattern (X. Huang et al., 2023).
	The ‘saw-tooth’ pattern observed in the plastic region is characteristic of brittle ceramic materials, often resulting from the initiation and propagation of micro-cracks, which ultimately lead to material failure. In the fractured eggshell sample (Figure 6.6-(a, c)), this serrated pattern is indicative of brittle fracture (Pelleg, 2014). The Ti-eggshell composite (Figure 6.6-(a, d)) exhibited a combination of the compressive behaviors of both CP-Ti and the eggshell. Specifically, it showed an increase in yield strength similar to that of the eggshell compact, while its Young's modulus decreased, resembling the CP-Ti lattice. Consequently, the Ti-eggshell composite achieved a compressive yield strength of approximately 123 ± 34 MPa and Young's modulus of around 47 ± 1 GPa, values that align closely with those of natural cortical bone (compressive yield strength of 100–130 MPa and Young’s modulus of 5–30 GPa) (X. Wang et al., 2016). The optical image of the Ti-eggshell composite post-compression test (Figure 6.6-(d)) reveals a compressive failure at an angle of approximately 45°, attributed to shear forces, which in this context is referred to as diagonal shear, consistent with a brittle fracture.
	/
	Figure 6.6. (a) Room temperature uniaxial compressive stress-strain curves observed for the LPBF-fabricated CP-Ti lattice, eggshell compact, and CP-Ti-eggshell composites and the inset shows the fractured image of the samples. Optical images of the samples showing fractured impact after the compression test (b) LPBF-processed CP-Ti lattice (c) SPS-made eggshell compacts, and (d) Ti-eggshell composite (adapted from (R. Shukla et al., 2024)).
	Table 6.2. Table furnishing the Youngs Modulus and the Yield Strength for the CP-Ti lattice, consolidated, and Ti-eggshell composites (adapted from (R. Shukla et al., 2024)).
	Figure 6.7 underscores the potential of the Ti-eggshell composite for biomedical applications, particularly where both mechanical strength and biocompatibility are critical. Lactate dehydrogenase (LDH) is an intracellular enzyme that serves as an indicator of cytotoxicity, with its release signifying cell lysis due to contact with a material. Elevated levels of LDH enzyme in the surrounding medium directly indicate cytotoxicity, while lower absorbance readings suggest greater cytocompatibility (Baghersad et al., 2023). As depicted in Figure 6.7 the cytotoxicity profiles of CP-Ti, eggshell, and Ti-eggshell composite were evaluated using adipose-derived stem cells (ADSCs). Among these, the eggshell exhibited the lowest absorbance, indicating the least LDH release, while the CP-Ti and the Ti-eggshell composite displayed similar absorbance levels. Nonetheless, all the tested samples showed significantly lower cytotoxicity than the cytotoxic control and no statistical difference from the polystyrene control.
	/
	Figure 6.7. The cytotoxicity analysis for the LPBF-processed CP-Ti lattice, eggshell compact, and Ti-eggshell composite on human adipose-derived stem cells. (* p ≤ 0.05) (adapted from (R. Shukla et al., 2024)).
	Figure 6.8 presents SEM images of the bacterial strains Staphylococcus aureus (ATCC 6538) and Pseudomonas aeruginosa (ATCC 10145) after 6 and 24 hours of incubation, respectively. The images reveal that bacterial growth is most pronounced on the CP-Ti surface, followed by the Ti-eggshell composite and eggshell compacts. Notably, the CP-Ti surface supports significant bacterial colonization, with evident biofilm formation observed after 24 hours for both bacterial strains. In contrast, the eggshell compact shows a marked reduction in bacterial growth, likely due to the antibacterial properties of CaCO3, which is particularly effective against Pseudomonas aeruginosa. The Ti-eggshell composite, which features both eggshell and CP-Ti surfaces, demonstrates reduced bacterial proliferation overall. While the CP-Ti regions within the composite exhibit more bacterial growth than the eggshell regions, the total bacterial presence on the composite is significantly lower than on CP-Ti alone, and importantly, no biofilm formation is detected. The underlying mechanisms of antibacterial activity and bacterial interaction with these surfaces are further elaborated in Figure 6.9.
	Pseudomonas aeruginosa (P. aeruginosa) and Staphylococcus aureus (S. aureus) are well-known representatives of gram-negative and gram-positive bacteria, respectively (Lee et al., 2019). The interaction between bacterial cell walls and material surfaces begins with the cell wall, the first barrier of defense. Gram-negative bacteria, such as P. aeruginosa, have a highly complex cell wall structure characterized by a thin layer of peptidoglycan, while gram-positive bacteria like S. aureus have a thicker peptidoglycan layer (Madruga et al., 2020). 
	/
	Figure 6.8. Scanning electron microscopy images of the Staphylococcus aureus bacteria (false-coloured green) and Pseudomonas aeruginosa bacteria (false-coloured cyan) for the LPBF-fabricated CP-Ti, SPS-made eggshell Compact, and the Ti-eggshell composite (abbreviated as composite) (adapted from (R. Shukla et al., 2024)).
	According to the literature, calcium ions can interact and bind with the cell walls of both types of bacteria, potentially disrupting energy transport processes (Thomas & Rice, 2014). Additionally, these ions may permeate the cell wall and interact with the bacterial cytoplasmic membrane, affecting cellular processes. In bacterial cells, the proton pump plays a critical role by constantly exchanging H+ ions (protons), a process essential for the synthesis of adenosine triphosphate (ATP). Eggshells are predominantly composed of calcium carbonate (CaCO3), specifically consisting of Ca+2 and CO3-2 ions held together by ionic bonds. CaCO3 is highly alkaline, and upon contact with a bacterial solution containing water (H2O), it readily reacts with H+ ions, leading to the formation of HCO3- and OH- ions. This reaction creates a proton-depleted zone as H+ ions are consumed to neutralize CaCO3. The proton gradient across the bacterial cell membrane, essential for ATP production via the electron transport chain (ETC), is thereby disrupted (as illustrated in Figure 6.9). ATP is a powerhouse of the cell, and interference in ATP synthesis can severely impair bacterial growth, and metabolism, and ultimately lead to bacterial death. Thus, the alkaline nature of CaCO3 effectively inhibits bacterial growth and biofilm formation in eggshell-based bio-implants (Nostro et al., 2012; S. K. Shukla & Rao, 2013; J. Tan et al., 2018). In contrast, CP-Ti lacks ions capable of generating a proton-depleted zone, and titanium is less alkaline than calcium. Although an alkaline environment generally inhibits bacterial growth, the absence of such ion-mediated interactions in CP-Ti results in lower bactericidal activity. However, the incorporation of eggshells into the Ti matrix enhances the bactericidal properties of the composite. This finding suggests that the Ti-eggshell composite holds promise as a material for fabricating bactericidal surfaces and implants.
	This chapter reports the successful fabrication of Ti-eggshell composites using a combined approach of LPBF and SPS. The resulting composite demonstrated Young’s modulus and compressive strength within the range of natural bone, marking a significant achievement in fabricating a bone-mimicking material. Additionally, the produced composite exhibits non-cytotoxic characteristics and possesses antibacterial properties, attributed to the presence of ions that create a proton-depleted zone, effectively disrupting ATP synthesis.
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	This study successfully demonstrates the valorization of eggshell waste into bio-implant material, incorporating circular economy principles. The following conclusions are drawn from the results:
	 While Ti6Al4V is preferred for high-load applications due to its superior mechanical properties, CP-Ti is a viable alternative for applications where biocompatibility is critical. The higher compressive strength and hardness of Ti6Al4V support the choice of CP-Ti for bio-implants prioritizing biocompatibility.
	 The LPBF process successfully fabricated CP-Ti with improved mechanical properties compared to conventional methods. This improvement is attributed to the formation of martensitic microstructures. Mechanical testing revealed the formation of twins and provided insights into the deformation mechanisms. Fracture surface analysis showed dimples, microvoids, and quasi-cleavage facets, with microvoid growth leading to microscopic cracks, increased strength, but reduced fracture strain.
	 SPS testing indicated that sintering above 850 °C did not improve density, with an optimal density of ~87% achieved at 850 °C.
	 The Ti-eggshell composite was successfully fabricated by combining AM and powder metallurgy (LPBF+SPS). CP-Ti hexagonal lattice structures were produced via LPBF, with a metastable martensitic phase and dislocations due to rapid cooling during manufacturing.
	 Compression testing showed that the CP-Ti lattice failed by sequential bending, the eggshell compact failed by brittle fracture, and the Ti-eggshell composite failed via diagonal shear. The composite exhibited compressive strength and Young’s modulus matching that of natural human cortical bone.
	 The Ti-eggshell composite was non-cytotoxic to ADSCs, confirming its safety for use as a biomaterial. The composite also demonstrated significant antibacterial activity against both Gram-negative (Pseudomonas aeruginosa) and Gram-positive (Staphylococcus aureus) bacteria, attributed to the disruption of the proton pump by the eggshell.
	 The successful incorporation of eggshell waste into CP-Ti lattice structures aligns with circular economy principles. The resulting Ti-eggshell composite offers mechanical properties comparable to natural human bone and shows excellent biocompatibility and antibacterial properties, making it a promising candidate for orthopedic and biomedical applications.
	 The interface study between the Ti and eggshell should be further study to establish a full understanding of the composite.
	 The tribological, fatigue, and further testing according to ASTM standards should be done to standardize this composite.
	 The human body can absorb the limited number of ions released from such implants. Calcium carbonate releases Ca+2 and CO3-2 ions. These ions are non-toxic and therapeutic agents. However, the in-vivo testing of the eggshell-based implant should be considered to evaluate adverse reactions due to extra dosage or rapid degradation of these ions. 
	 The interaction with the blood should be considered in evaluating effective bone-healing and interaction of the implant.
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	Abstract
	Development of Ti-eggshell composite for bio-implants applications
	The demand for orthopedic implants has escalated due to an increase in the incidence of arthritis, accidents, and osteoporosis. Bio-implants for load-bearing applications require biocompatibility, corrosion resistance, and a balance of mechanical properties such as strength, fatigue resistance, Young’s Modulus, and wear resistance. Commercially pure titanium (CP-Ti) is widely considered for biomedical applications due to its superior ductility, biocompatibility, and corrosion resistance. However, its mismatch with the elastic modulus (100–105 GPa) compared to natural bone (10–30 GPa) leads to stress shielding, which can cause bone resorption and implant failure. To address these limitations, recent advancements in additive manufacturing (AM) have facilitated the development of porous titanium structures that mimic the mechanical properties of natural bone, reducing stress shielding. Despite these advancements, the bio-inert nature of titanium hampers its ability to fully integrate with bone tissues and promote osseointegration.
	In contrast, ceramics, such as calcium carbonate (CaCO3), have demonstrated significant potential for biomedical applications due to their bioactivity, bioresorbability, and osseointegration capabilities. CaCO3 is present naturally in bone and hence can promote bone healing by releasing essential ions (Ca2+, PO43-) and even exhibit antibacterial properties. Eggshells, which are 94–95% calcium carbonate, represent a significant and underutilized bio-waste. This research aims to valorize eggshell waste by incorporating it into orthopedic implants, creating a composite material that combines the bioactivity of CaCO3 with the mechanical strength of titanium. This novel approach addresses both the environmental challenge of waste disposal and the limitations of current titanium implants, particularly their high Young's modulus and susceptibility to bacterial infections.
	Mechanical testing of the Ti-eggshell composite revealed compressive strength (123 ± 34 MPa) and Young’s modulus (47 ± 1 GPa), values within the range of natural human cortical bone (compressive yield strength = 100–130 MPa, and Young’s modulus = 5–30 GPa respectively), demonstrating the potential for use in load-bearing orthopedic implants. Additionally, cytotoxicity tests showed that the composite was non-toxic to adipose-derived stem cells (ADSCs), confirming its biocompatibility. Importantly, the Ti-eggshell composite exhibited antibacterial activity against both gram-negative (Pseudomonas aeruginosa) and gram-positive (Staphylococcus aureus) bacteria, significantly reducing the risk of implant-associated infections (IAIs).
	The innovative combination of titanium and eggshell in this study offers a promising solution for orthopedic implants by reducing stress shielding, enhancing osseointegration, and providing antibacterial protection. Moreover, by utilizing a bio-waste material in the form of eggshells, this research promotes a circular economy approach in biomedical manufacturing, aligning with green and sustainable practices. The valorization of eggshell waste into high-performance bio-implants represents a significant advancement in both environmental stewardship and the development of next-generation orthopedic materials.
	Lühikokkuvõte
	Ti-munakoore komposiidi väljatöötamine bioimplantaatide rakenduste jaoks
	Nõudlus ortopeediliste implantaatide järele on suurenenud artriidi, õnnetusjuhtumite ja osteoporoosi esinemissageduse suurenemise tõttu. Kandvate rakenduste jaoks mõeldud bioimplantaadid nõuavad biosobivust, korrosioonikindlust ja mehaaniliste omaduste, nagu tugevus, väsimuskindlus, Youngi moodul ja kulumiskindlus, tasakaalu. Kaubanduslikult puhast titaani (CP-Ti) peetakse laialdaselt biomeditsiinilisteks rakendusteks tänu selle suurepärasele plastilisusele, biosobivusele ja korrosioonikindlusele. Kuid selle ebakõla elastsusmooduliga (100–105 GPa) võrreldes loodusliku luuga (10–30 GPa) põhjustab pingevarjestuse, mis võib põhjustada luu resorptsiooni ja implantaadi ebaõnnestumist. Nende piirangute lahendamiseks on hiljutised edusammud lisandite tootmises (AM) hõlbustanud poorsete titaanstruktuuride väljatöötamist, mis jäljendavad loodusliku luu mehaanilisi omadusi, vähendades stressivarjestust. Vaatamata nendele edusammudele takistab titaani bioinertne olemus selle võimet täielikult luukoega integreeruda ja soodustada luude integratsiooni.
	Seevastu keraamika, nagu kaltsiumkarbonaat (CaCO3), on näidanud märkimisväärset potentsiaali biomeditsiinilistes rakendustes tänu nende bioaktiivsusele, bioresorbeerumisele ja luude integreerumisvõimele. CaCO3 esineb luus loomulikult ja võib seega soodustada luude paranemist, vabastades olulisi ioone (Ca2+, PO43-) ja avaldada isegi antibakteriaalseid omadusi. Munakoored, mis on 94–95% kaltsiumkarbonaadist, kujutavad endast märkimisväärset ja alakasutatud biojäätmeid. Selle uuringu eesmärk on väärtustada munakoore jäätmeid, lisades need ortopeedilistesse implantaatidesse, luues komposiitmaterjali, mis ühendab CaCO3 bioaktiivsuse titaani mehaanilise tugevusega. See uudne lähenemisviis käsitleb nii jäätmete kõrvaldamisega seotud keskkonnaprobleeme kui ka praeguste titaanimplantaatide piiranguid, eriti nende kõrget Youngi moodulit ja vastuvõtlikkust bakteriaalsetele infektsioonidele.
	Ti-munakoore komposiidi mehaaniline testimine näitas survetugevust (123 ± 34 MPa) ja Youngi moodulit (47 ± 1 GPa), mis jäävad inimese loomuliku kortikaalse luu vahemikku (survevoolupiir = 100–130 MPa ja Youngi moodul = vastavalt 5–30 GPa), mis näitab potentsiaali kasutada kandvates ortopeedilistes implantaatides. Lisaks näitasid tsütotoksilisuse testid, et komposiit ei olnud rasvast pärinevatele tüvirakkudele (ADSC) toksiline, kinnitades selle biosobivust. Oluline on see, et Ti-munakoore komposiidil oli antibakteriaalne toime nii gramnegatiivsete (Pseudomonas aeruginosa) kui ka grampositiivsete (Staphylococcus aureus) bakterite vastu, vähendades oluliselt implantaadiga seotud infektsioonide (IAI) riski.
	Selle uuringu uuenduslik titaani ja munakoore kombinatsioon pakub ortopeediliste implantaatide jaoks paljulubavat lahendust, vähendades stressikaitset, suurendades luude integratsiooni ja pakkudes antibakteriaalset kaitset. Lisaks sellele, kasutades biojäätmeid munakoorte kujul, edendab see uurimus biomeditsiinilises tootmises ringmajandust, mis on kooskõlas roheliste ja säästvate tavadega. Munakoorejäätmete väärtustamine suure jõudlusega bioimplantaatideks on oluline edasiminek nii keskkonnajuhtimises kui ka järgmise põlvkonna ortopeediliste materjalide väljatöötamises.
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