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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
(CaC0s), have garnered attention for their biocompatibility, bioresorbability, and ability
to promote osseointegration. CaCOs is naturally found in bone alongside hydroxyapatite
and collagen, making it a suitable candidate for bone repair applications. Furthermore,
CaCOs offers the advantage of releasing therapeutic ions, such as Ca*?, 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
etal., 2006; Kumar, Dhara, et al., 2013; Kumar et al., 2015; Kumar, Webster, et al., 2013).
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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 CaCOs 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 CaCOs but also seeks to overcome
the limitations of current Ti-based implants, particularly their susceptibility to bacterial
infections. Implant-associated infections (IAl) remain a significant challenge in orthopedic
surgery, often leading to implant failure and necessitating further interventions (Ul Haq
et al., 2024). By integrating CaCOs, which exhibits inherent antibacterial properties,
the composite material developed in this study aims to reduce the risk of IAl 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

1Al 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
Bioactivity

Biodegradation
Bioinert
Bioresorbable
Dislocation

Dislocation
density

Ductility/
fracture strain

Engineering
strain
Engineering
stress
Osseointegration

Plastic
deformation

Slip

Slip system

True strain

True stress

Ultimate tensile
strength (UTS)
Yield strength
(YS)

B-transus
temperature

Materials used for bio-implant applications

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

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

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

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

A linear crystalline defect around which there is atomic
misalignment.

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

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.

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

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

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

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

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

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

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

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

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

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.

a—>B transformation temperature
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Symbols

a

’

a

B
um
A
Al
C
Cl
E

HVo.0s

Na
nm

Sr

HCP Titanium
Martensite
BCC Titanium
micrometer
Angstrom
Aluminium
Carbon

Chlorin

Elastic modulus
Vickers hardness value at 50 g load
Potassium
millimeter
Sodium
nanometer
Oxygen
Sulphur
Strontium
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 CaCOs.

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. Inthe 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.

CAD Model
Development and
Tessellation

Submission to machine
and parameter
assignment

Layer-by-layer ‘
development of the
geometry J

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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Enclosed :
Scanning System
Chamber (Filled B (a)

Recoater

Object Being Fabricated
Powder
Delivery /

System

Building Direction

Powder
Reservoir

Build Platform

Powder Delivery Piston Fabrication Piston

(b)

Laser
Laser beam

Power (P)

Ti powders

'f “Reémelt
Thickness

Build direction

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 Parameters Description Impact Potential
Category Defects
Laser Laser Power | Energy Affects melt High power:
Parameters (P) provided by pool size, spatter,
the laser per penetration, keyholing; Low
unit time. and defect power: lack of
formation fusion.
(e.g., spatter).
Laser Laser Spot Diameter of Influences Incorrect spot
Parameters Size the laser resolution and | size: poor
beam. alignment surface finish,
precision. lack of detail.
Laser Scan Speed Speed at which | Impacts melt High speed:
Parameters (v) the laser pool size, lack of fusion;
moves over cooling rate, Low speed:
the powder and heat overheating,
bed. input. distortion.
Laser Hatch Distance Ensures Incorrect
Parameters Spacing (h) between complete spacing: un-
adjacent laser melting and melted zones,
scan lines. fusion porosity.
between
layers.
Powder Particle Size Range of Affects surface | Wide
Characteristics | Distribution particle sizes in | finish, packing | distribution:
the powder. density, and poor surface
flowability. quality;
Narrow:
powder
clogging.
Powder Powder Morphology of | Spherical Irregular
Characteristics | Shape powder powders shape: poor
particles (e.g., improve flowability,
spherical, flowability and | inconsistent
irregular). packing layer thickness,
density; porosity.
irregular
shapes can
cause uneven
layering.
Powder Powder Ease with Affects Poor
Characteristics | Flowability which powder uniformity of flowability:
flows and powder layers | inconsistent
spreads. and packing layers, poor
density. surface finish,

porosity.
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Powder Apparent The bulk Affects packing | Low apparent
Characteristics | Density density of the density and density: high
powder, the overall porosity, weak
considering the | density of the mechanical
voids between | final part. properties.
particles.
Usually, 50% to
70% of the true
density.
Powder Powder Thickness of Balances Thick layers:
Characteristics | Layer each deposited | resolution, lack of fusion;
Thickness (t) | powder layer. surface finish, | Thin layers:

and build time.

extended build
time.

Powder Powder Type of Determines Material-
Characteristics | Material metallic melting point, | specific defects
powder used thermal like oxidation,
(e.g., titanium, | conductivity, contamination.
aluminum) and optical
absorptivity.
Thermal Pre-heat Temperature of | Reduces Insufficient
Management | Temperature | the build thermal pre-heating:
platform gradients and warping,
before and residual delamination.
during the stresses.
build.
Thermal Cooling Rate | Speed at which | Influences Fast cooling:
Management the part cools residual stress, | high residual
post-laser micro- stresses,
exposure. cracking, and cracks; Slow
material cooling: grain
properties. coarsening.
Scanning Scan Pattern | Path followed Affects Inconsistent
Strategy by the laser residual stress | patterns:
(e.g., distribution uneven stress
unidirectional, | and part distribution,
bidirectional). distortion. distortion
Scanning Layer Rotation of Helps reduce No rotation:
Strategy Rotation scan pattern residual anisotropic
between stresses. properties,
successive distortion
layers.
Environmental | Atmosphere | Gas Prevents Poor
Consideration environment contamination | atmosphere
(e.g., argon, and oxidation. | control:
nitrogen) used oxidation,

to prevent
oxidation.

contamination.
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Environmental | Humidity & Consistent Ensures Inconsistent
Consideration | Temperature | environmental | reproducibility | conditions:
Control conditions and part moisture
during the quality. absorption,
build. oxidation.
Post- Heat Thermal Relieves Incorrect
Processing Treatment treatments residual treatment:
Processes applied after stresses and retained
the build enhances stresses,
process. material undesired
properties. microstructure
Post- Surface Processes like Improves Inadequate
Processing Finishing machining, surface quality | finishing:
Processes polishing, or and rough surfaces,
blasting. dimensional dimensional
accuracy. 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/cm?
density, and two allotropic crystal structures. At room temperature, Ti shows a hexagonal
close-packed (HCP) crystal structure known as the a-phase (a = 2.9504 + 0.0004 A,
c=4.6832 + 0.0004 A, and ¢/ 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
(bec) structure known as the B-phase (a = 3.28 + 0.003 A). This transformation is crucial
in the development of Ti-based alloys, as the balance between the a and B phases can
be used to tailor the mechanical properties of the material. Hereafter, a will be used for
HCP and B for BCC (Donachie, 2000; Srivatsan & Sudarshan, 2015).

Upon cooling through the B transition temperature, the B 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 B phase to martensite
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(a’- hep or a” orthorhombic phases) (Donachie, 2000; Zheng et al., 2022). The tendency
to form a” over o’ increases with the concentration of B-stabilizer (Donachie, 2000).
In contrast, slower cooling transforms the B phase through nucleation and growth into
the Widmanstatten a structure. The morphology of the Widmanstéatten a phase can vary
from a colony of similarly aligned a 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 a phase may also precipitate along prior  grain boundaries
(Donachie, 2000; Joshi, 2006; Zheng et al., 2022). Additionally, the microstructure may
retain small amounts of B phase, with the quantity of retained B 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-Tiis 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 o’ 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, TibAl4V 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 Ti6AI4V 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, Ti6AI4V
(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 a-stabilizer and V is a B-phase stabilizer. This combination puts
Ti6Al4V alloy in the a+B category. In general, Ti6AI4V shows the basket-weave-like
widmenstatten a+B 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 a+B microstructure; while fast cooling results in o’
martensitic structure. Ti6Al4V, with its mix of a and B 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 B-transus (the temperature above which the B phase is stable),
a martensitic transformation occurs. Specifically, at cooling rates exceeding 410 K/s, the
B phase transforms into a’ (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 a’ 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 B phase
to the a phase takes place through diffusional precipitation. This process allows for the
formation of a more equiaxed and coarser a 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 o’ 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 B-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 CaCOs. 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
etal.,, 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 CaCOs per
100 g of dry weight. This CaCOs 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 (CaCOs) 94-95 %
Calcium phosphate (Ca3(P0a)2) ~1%
Magnesium carbonate (MgCQOs3) ~ 1%

sodium (Na) 1512 ppm
magnesium (Mg) 3472-4500 ppm
strontium (Sr) 320411 ppm
potassium (K) 525 ppm

sulfur (S) 589 ppm
Organic matter ~4%

HAp (Ca10(PO4)s(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).

CaCOs is found in the natural bone along with HAp and collagen, making, it easy to
osseointegrate. The main advantage of using CaCOs-based implants is their
bioresorbability. Bioresorbable materials also degrade like biodegradable materials but
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also release a controlled amount of Ca*? and PO43, 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 CaCOs using powder metallurgical
and sintering. However, at temperatures exceeding 800-900 °C, CaCOs 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 CaCOs and achieve
densification without decomposition. For instance, Tetrad and Assollant (Tetard et al.,
2014) doped CaCOs with Lithium Phosphate (LisPO4), attaining 98% relative density at
700 °C using a pressureless sintering technique. Urabe et al. (Chréscicka et al., 2016)
employed LiF as an additive to enhance CaCOs densification, while Vlasov et al. (Vlasov
& Poroskova, 1997) incorporated 1-2% Lithium Carbonate (Li2COs) into the aragonite
phase of CaCOs, 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 CaCOs, 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 CaCOs and. Despite this
research, there remains limited data on the densification of CaCOs. 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; Orru 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:

e 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.

e Theimplantis 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 CaCOs,
allowing for the controlled release of therapeutic agents (in this case Ca*?) during
degradation. This release is expected to enhance osseointegration and confer
antibacterial properties, addressing IAl 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 um, and
20-75 um layer thickness. The device offers a build envelope of 280 x 280 x 350 mm?3
and utilizes a single 1070 nm yttrium scanning laser (1 x 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 Ti6AI4V. 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 (um) 120 110
Hatch Rotation (°) 90 72
Layer Thickness (um) 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
Eqg. 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= L+ ALpmgy — AL, (Eq. 2.1)

D= (LT") oI (Eq. 2.2)

where L (mm) and Ly (mm) are the instantaneous and final heights of the sintered
compacts, while AL,,,, (mm) and AL (mm) represent the maximum and instantaneous
upper punch displacement, respectively. D (%) and Dy (%) 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™ and 2500 cm™. The chemical
composition of Ti6AI4V and eggshell feedstock powder was determined using X-ray
Florence (XRF) (Rigaku Primus Il 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-Ka
radiation (A = 1.5406 A), 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. Image) 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
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from 1x102 s}, 1x1073 s, and 1x10™* s, 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 103 s’ along the building direction.

L Gauge length N
I | ¥

~
= > 1.2
a Ird(,—.i mm d, > 1.2vd,
d, =4 mm

v

h =13 mm h=13mm

L>L +d, (2] mm)

I L ,=5xd,(17.5mm)

v

L,=52mm

Sample dimensions redesigned according to the standard: ASTM: ES8/E8M - 13a

Figure 2.1. A schematic sketch showing the dimensions of the tensile samples fabricated as per
the -ASTM: E8 /ESM- 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 a-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% COz, a 50 pL 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 10° 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 pL
bacteria solution (10® 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 Y 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 um. 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 (a/ o) 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
(a/a’) crystal structure. Notably, there is no evidence of the BCC (B) phase. In conventional
processing, such as casting, and SPS (N. Singh et al., 2021), both HCP a-Ti and BCC B-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 B-stabilizing effect of V, leading to a dual-phase microstructure
consisting of both a and B phases (N. Singh et al., 2021). However, in LPBF-processed
Ti6Al4V, the cooling rate ranges between 10°-10° K/s, preventing the formation of either
the a or B phases and instead resulting in the formation of a supercooled a’ 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
a and o' 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 um, 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 um and a minor axis varying
in the range 1 um and 3 pum; secondary martensite has a major axis ranging between of
10 um and 20 pm 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 um -10 um
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.
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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 HVoos. 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.

36



_ 1250/ & 1750
& Z 1500
= 1000 2
b & 12504
g 7501 Z 1000
~—
>
< 500 G 750
=z £ 500
S 2501 =
= E 250
a)l s b
Y S C) ST V/A— )
0 1 2 3 4 5 6 7 8 0 2 4 6 8 10 12 14 16 18
Tensile Strain (%) Compressive strain (%)

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
maghnification 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 B 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 Ti6AI4V 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.

. Processing uTsS Fracture E
Mat | YS (MP Ref.
aterfal | Method SIMPa) | \ipa) | strain (%) | (GPa) | €
Cortical (X. Wang
- - + - +
Bone 13516 18+4 et al.,, 2016)
ASTM
F136-13 W ht
- folrlgl\:vged (ASTM
> 760 > 825 >8 - International,
Annealed | by
. 2021)
wrought | annealing
Ti6Al4V
. 920- 100- | (Bartolomeu
Ti6Al4V Wrought 830-1070 1140 10-15 110 etal,, 2022)
oy (ASTM
.| LPBF >795 > 860 >10 - International,
18 AM Ti
2018)
alloys*
ASTM
F3302 - (ASTM
. | LPBF > 380 2450 >18 - International,
18 AM Ti
2018)
alloys*
Ti6Al4V LPBF 1180+ 10 | 1275+12| 71 10611 | This work
TiGAI4V | LPBF 1250415 | 1355+20| 8+1 .| (Prashanth
etal., 2017)
TiGAI4V | LPBF 11109 | 126745 | 7+1 10943 | (Vrancken
et al, 2012)
TiGAI4V | LPBF 1098+2 | 126545 | 9+1 .| (Krakhmalev
et al, 2016)
CP-Ti (Attar et al.,
+ + + -
Grade 2 LPBF 555+3 757+13 | 202 2014)
CP-Ti (Barbas et
Grade2 | PBF >00 650 17 i al., 2012)
CP-Ti (D. W. Wang
+ + + -
Grade 1 LPBF 533+3 714 £ 4 18+1 etal,, 2019)
CP-Ti (Kang et al.,
Grade LPBF - 766 28 - 2017)
CP-Ti (Depboylu
Grade LPBF 445 >42 20 i et al., 2023)
CP-Ti (Tao et al.,
+ + -
Grade 2 LPBF 732+6 630 201 2020)
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CP-Ti (zhou et al.,
+ + + -
Grade LPBF 7925 990+10 | 61 2019)
CP-Ti (J. Zhang
+ - + -
Grade LPBF 2022 341 et al, 2021)
LPBF
CP-Ti . (Wysocki
Grade 2 (MIC'FO- 600-680 780-850 | 12-16 - etal, 2017)
tensile)

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 um. 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
(a/ ') crystal structure with the space group P63/mmc (194).
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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 um
(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
a/a’ structure. LPBF CP-Ti exhibits major peaks consistent with those of the original
CP-Ti powder, indicating the presence of the HCP (a/a’) 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 a and a’ 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.
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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 a’' 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.

\ \
Zone axis = [2110]

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 a-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 ¢/ 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
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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 <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).
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Figure 4.4. Mechanical properties for the CP-Ti produced by LPBF. Room temperature tensile stress-
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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 a’ 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 YS UTS (MPa) True UTS Fracture Strain
(s) (MPa) (MPa) (%)
102 593.63 667.75 726.22 12.20
103 534.66 628.39 692.20 12.80
10* 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 HVo.s, 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)
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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 o’-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
etal., 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 CaCOs
shows demonstrate superior bioactivity (RYAN et al., 2006). Notably, CaCOs is the
primary component of natural bone, coexisting with HAp and collagen, making, it easy
to osseointegrate. The main advantage of using CaCOs-based implants is their
bioresorbability. Bioresorbable materials also degrade like biodegradable materials but
also release a controlled amount of Ca*? and PO43, 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 CaCOs, however, standardized manufacturing methods for their use
remain undeveloped. Moreover, to date no data is reporting the SPS technique to
produce eggshells/CaCOs 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 (CaC0s), 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 (0] Na Mg Al Si P S cl Ca Fe Sr

Concentration

1930 4751 016 036 019 035 0.17 0.19 0.08 3158 0.05 0.05
(wt.%)

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 um to 52.00 um and an
average particle size of 18 + 12.00 um, 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 CaCOs). 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 CaCOs, 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).

CaCOs3 > Ca0+ CO2M e (Eqg. 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 (CaCOs) phase, which is in line
with other studies (Onwubu et al., 2019). Calcite, one of the three polymorphs of CaCOs,
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
CaCOs to Ca0 and its subsequent hydration to Ca(OH),, as outlined in Eq. 5.1 and 5.2.

Ca0 + H20 - Ca(OH) M, (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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250 °C 500 °C 750 °C

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),
(1) 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 (CaCOs). Notably, all major peaks are concentrated around 29°, aligning with
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the (104) plane of the calcite phase. Despite the sintering process being conducted at
temperatures exceeding the typical decomposition temperature of CaCOs (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 CaCOs 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?,
1084 cm™, 873 cm™, and 712 cm, which are characteristic of the carbonate group
(Naemchan et al., 2008b; Yilmaz et al., 2019). Eggshells primarily consist of CaCOs, 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).
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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™, 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 CaCOs (Kim et al., 2021). A prominent peak at 1410 cm™ corresponds to the
asymmetric stretching (v3) of the carbonate ion (CO23), 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™ and 873 cm™ 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.
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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
etal., 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 HVo.0s. Conversely, compacts sintered at 750 °C,
900 °C, and 1000 °C displayed similar hardness values of 149+ 5, 149 + 7, and 148 + 8 HVo.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 (CaCOs) as the major phase, even in samples sintered at temperatures up
to 1000 °C. According to TGA, the decomposition of CaCOs 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).

| Top View I Side View | Printed lattice |

| b)sm T ©

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-Tiin 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 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/m?3. 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 A, and
¢ =4.6850 A, resulting in a ¢/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 A and 4.6882 A,
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 (), 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 um are identified as primary
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martensite, those with dimensions between 10 um and 20 um are classified as secondary
martensite, and plates with major axes ranging from 1 um to 10 um are termed ternary
martensite (J. Yang et al., 2016).
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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.
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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)).
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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)).

Average width of the Average distance between
Average length of the strut verage wi verage cl w

Description _ strut two parallel struts (n = 10)
(n = 10) (mm) (n = 10) (mm) (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
Latt';ﬁsafter 1.54+0.15 0.85£0.10 2.6840.07

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 CaCOs 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 CaCOs 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 (oy) for the CP-Ti sample is approximately
38 £ 2 MPa, while the eggshell compact exhibits a oy of 155 + 15 MPa, and the Ti-eggshell
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composite displays a oy 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
etal., 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.
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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.
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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 CaCOs, 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).

Staphylococcus aureus Pseudomonas aeruginosa
6h 24 h 6h 24h
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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 (CaCOs), specifically consisting of Ca*2 and COs32 ions held together by
ionic bonds. CaCOs is highly alkaline, and upon contact with a bacterial solution
containing water (H20), it readily reacts with H* ions, leading to the formation of HCOs
and OH ions. This reaction creates a proton-depleted zone as H* ions are consumed to
neutralize CaCOs. 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 CaCOs 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*? and COs? 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 (CaCOs), have demonstrated
significant potential for biomedical applications due to their bioactivity, bioresorbability,
and osseointegration capabilities. CaCOs is present naturally in bone and hence can
promote bone healing by releasing essential ions (Ca?, PO:*) 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 CaCOs 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 (IAls).

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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Lihikokkuvote

Ti-munakoore komposiidi viljato6tamine bioimplantaatide
rakenduste jaoks

Noudlus ortopeediliste implantaatide jarele on suurenenud artriidi, dnnetusjuhtumite ja
osteoporoosi esinemissageduse suurenemise tottu. Kandvate rakenduste jaoks mdeldud
bioimplantaadid nduavad biosobivust, korrosioonikindlust ja mehaaniliste omaduste,
nagu tugevus, vasimuskindlus, Youngi moodul ja kulumiskindlus, tasakaalu.
Kaubanduslikult puhast titaani (CP-Ti) peetakse laialdaselt biomeditsiinilisteks
rakendusteks  tdnu selle  suureparasele plastilisusele, biosobivusele ja
korrosioonikindlusele. Kuid selle ebakdla elastsusmooduliga (100—-105 GPa) vdrreldes
loodusliku luuga (10-30 GPa) pohjustab pingevarjestuse, mis vGib pd&hjustada luu
resorptsiooni ja implantaadi ebadnnestumist. Nende piirangute lahendamiseks on
hiljutised edusammud lisandite tootmises (AM) hdlbustanud poorsete titaanstruktuuride
valjatéotamist, mis jdljendavad loodusliku luu mehaanilisi omadusi, vahendades
stressivarjestust. Vaatamata nendele edusammudele takistab titaani bioinertne olemus
selle véimet taielikult luukoega integreeruda ja soodustada luude integratsiooni.

Seevastu keraamika, nagu kaltsiumkarbonaat (CaCOs), on ndidanud markimisvaarset
potentsiaali biomeditsiinilistes rakendustes tanu nende bioaktiivsusele,
bioresorbeerumisele ja luude integreerumisvdoimele. CaCOs esineb luus loomulikult ja
vBib seega soodustada luude paranemist, vabastades olulisi ioone (Ca?+, POs*) ja
avaldada isegi antibakteriaalseid omadusi. Munakoored, mis on 94-95%
kaltsiumkarbonaadist, kujutavad endast markimisvaarset ja alakasutatud biojaatmeid.
Selle uuringu eesmark on vaartustada munakoore jaatmeid, lisades need
ortopeedilistesse implantaatidesse, luues komposiitmaterjali, mis (ihendab CaCOs3
bioaktiivsuse titaani mehaanilise tugevusega. See uudne ldhenemisviis kasitleb nii
jdatmete  korvaldamisega seotud keskkonnaprobleeme kui ka praeguste
titaanimplantaatide piiranguid, eriti nende kérget Youngi moodulit ja vastuvotlikkust
bakteriaalsetele infektsioonidele.

Ti-munakoore komposiidi mehaaniline testimine naitas survetugevust (123 + 34 MPa)
ja Youngi moodulit (47 + 1 GPa), mis jadvad inimese loomuliku kortikaalse luu vahemikku
(survevoolupiir = 100130 MPa ja Youngi moodul = vastavalt 5-30 GPa), mis naitab
potentsiaali kasutada kandvates ortopeedilistes implantaatides. Lisaks naitasid
tsltotoksilisuse testid, et komposiit ei olnud rasvast parinevatele tiivirakkudele (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, vdhendades oluliselt
implantaadiga seotud infektsioonide (IAl) riski.

Selle uuringu uuenduslik titaani ja munakoore kombinatsioon pakub ortopeediliste
implantaatide jaoks paljulubavat lahendust, vihendades stressikaitset, suurendades
luude integratsiooni ja pakkudes antibakteriaalset kaitset. Lisaks sellele, kasutades
biojadgtmeid munakoorte kujul, edendab see uurimus biomeditsiinilises tootmises
ringmajandust, mis on kooskdlas roheliste ja sadstvate tavadega. Munakoorejadtmete
vadrtustamine suure joudlusega bioimplantaatideks on oluline edasiminek nii
keskkonnajuhtimises kui ka jargmise pdlvkonna ortopeediliste materjalide
valjatootamises.
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The present review article is a comprehensive study on the development and utilization of materials
derived from biological wastes like animal waste bone, eggshells, fish scale, etc. These waste materials
are calcium rich and can act as a precursor for the development of highly bioactive hydroxyapatite
(HAp), tri-calcium phosphate (TCP), and calcium. The developed HAp and TCP can be utilized in the field
of bone tissue engineering. The concept of valorization of these wastes into bioactive materials is a
promising solution for waste management and an approach towards sustainable development.
Copyright © 2023 Elsevier Ltd. All rights reserved.
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1. Introduction

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

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

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

3. Calcium derived from eggshell and other anthropogenic
waste sources

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

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

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

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

The production of fish is increasing due to exponential growth
in its demand. It is estimated that annually 91 million tons of fish
are caught worldwide out of which 50-60% of it is consumed by
humans and the remaining by-products are treated as waste which
creates environmental-related issues as discussed earlier in the

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

2@k X2S, 868
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Fig. 1. SEM micrographs representing morphological transformation of samples calcined at 1000 °C for 1, 2, 3, 7, 20, and 50 h [48].

3



M. Kumar Yadav, R. Hiren Shukla and K.G. Prashanth

Fine Bone Powder (BP) L

% (\@g

S
e

Adding 0.04 wt% SS

Materials Today: Proceedings xxx (XXXX) Xxx

Rice Husk (RH) Powder

Mixing of BP and different wt% of
RH powderalong with sucrose binder

Compaction
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Fig. 2. Schematic diagram of the process involved in the development of HAp based scaffolds [3].

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

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

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

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

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

bone tissue engineering. The elemental composition of HAp
derived from different animal bone varies for example HAp derived
from bovine bone contains 52.25 wt% CaO and 38.37 wt% P,0s5
whereas HAp derived from Tenggiri fish bones contains 49.84 wt
% Cao and 26.195 wt% P,05 [20,66,67]. The calcination temperature
of waste bone plays a major role in the osteoconductive property of
the scaffold. A study conducted by Rhee et al. [68] concludes that
HAp derived at 600 °C shows better osteoconductivity with respect
to that of samples sintered at 1000 °C, the main reason behind this
phenomenon is the depletion of carbonate ion and increase in crys-
tallinity of HAp synthesized at 1000 °C. The above research finding
is also supported by several other studies highlighting the role of
carbonate ions and particle size in osteoblast activity [69,70]. Syn-
thesis of porous 3D scaffolds for bone tissue engineering using dif-
ferent materials is reported by different researchers. In our recent
research work [3]| we fabricated a porous HAp-SiO, 3D scaffold
using waste bone obtained from different sources like restaurants,
slaughterhouses, etc. Along with the use of rice husk powder as a
space holder material as shown in Fig. 2. The scaffold posse’s
porosity of 34-61% based on sintering temperature and weight
percent of rice husk. The compressive strength of the developed
scaffold was up to 4.1 MPa. The obtained properties of the devel-
oped scaffold are comparable to that of natural bone and hence
can be used for tissue engineering applications. Table 2 lists the
comparative analysis of porosity and mechanical properties of
Hap-based 3D scaffold fabricated using different animal bone
waste with that of human cortical bone. Similarly, Naga et al.

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

6. Conclusion and future perspective

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

Chicken eggshells (eggshells) are the bio-waste produced during day-to-day egg consumption by humans. The
eggshell contains calcium carbonate (CaCO3) along with several other elements such as Si, Mg, K, P, Na, etc.,
which enables its application for human bio-implants. Our research work aims to practically implement the
eggshell powder as the bio-implant, for which, the study of the densification behavior of the eggshell powder is
required. Hence, the present paper represents the densification behavior of the crystalline eggshell powder by
spark plasma sintering. The eggshell powders were irregular in shape with a wide particle size distribution. The
eggshell powder was sintered at six varying temperatures, i.e., 250 °C, 500 °C, 750 °C, 850 °C, 900 °C, and
1000 °C. The consolidated samples were characterized through SEM, FTIR, and XRD analysis, and the optimum
spark plasma sintering temperature was determined. The consolidation of eggshells at 850 °C not only avoids the
calcination process (due to the application of pressure) but gives optimum density and hardness making it an
optimum condition for consolidating eggshells into compacts.

1. Introduction

Chicken eggs are widely consumed, both commercially and in
households. Chicken eggs are composed of three main parts: the outer
shell, which is made up of calcium carbonate (CaCOs), i.e. ceramic; the
second layer is a thin protein layer known as albumin; and the third, the
inner core layer [1]. The only part of a chicken egg that is not useful in
cooking is the eggshell causing wastage of very high calcium (Ca) con-
taining products. Generally, the egg shells are disposed of on the land (as
landfills) and in water. This creates a significant environmental concern
owing to their microbial action [2]. In addition, dumping in land creates
a financial concern owing to transportation and dumping land costs. In
the past, researchers have tried to utilize eggshells in different products,
such as wall tiles [3], and as calcium supplements [4]. Tizo et al. [5] and
Hajji et al. [6] utilized eggshells for Cd- and Pb-like heavy metal
removal. While Nassar et al. [7] attempted to utilize eggshells for
Pd@CaO solar photocatalytic fabrication for wastewater treatment.
Despite these facts, the utilization of eggshell waste remains a major
concern for the environment as well as for the eggshell industry.

Eggshell is a source of calcium and human bones largely comprise
calcium in salt, phosphate, and carbonate form (CaCO3: 94-95%). Apart
from CaCOs, eggshell contains ~1% calcium phosphate (Caz(PO4)3),

~1% magnesium carbonate (MgCOs3), trace amounts of sodium (Na)
(1512 ppm), magnesium (Mg) (3472-4500 ppm), strontium (Sr)
(320-411 ppm), potassium (K) (525 ppm), sulfur (S) (589 ppm), and
remaining ~4% organic matter [8-11]. Besides, natural bone also pos-
sesses trace amounts of Na, K, Mg, Sr, and Si along with Ca. Hence,
naturally-derived Ca sources such as eggshells are an ideal choice for
bone grafting materials [8]. One option is the direct use of CaCO3 as the
bone grafting material since CaCOs; is bio-ceramic and possesses
biocompatibility, bio-resorbability, and osteoconductivity [12-14].
Moreover, CaCOs is a biodegradable ceramic as compared to calcium
phosphate forms [15,16]. The use of eggshells as a bone grafting ma-
terial will eliminate the transportation of eggshells to landfills thereby
saving the cost of transportation, cost for landfill, and CO, emission.
Hence, this particular research work aims to utilize eggshell waste as a
bone-grafting material.

Various studies have been conducted to densify CaCO3 by powder
metallurgical route through sintering. However, CaCOs is unstable
above 800-900 °C, where it decomposes into calcium oxide (CaO) and
carbon dioxide (CO,) through calcination. This decomposition behavior
of CaCOjs poses issues with the densification and production of bone-
grafting implants [17-22]. In order to address these issues, several re-
searchers have attempted to dope CaCO3 with a dopant (sintering aids)
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that helps to produce dense CaCO3 without decomposition. Tetrad and
Assollant [23] doped CaCOs; with Lithium Phosphate (LizPO4) and
achieved 98% relative density at 700 °C by pressureless sintering tech-
nique. Urabe et al. [24] tried to use LiF as an additive in order to densify
CaCOs. Vlasov et al. [25] used 1-2% Lithium Carbonate (Li;CO3) with
the aragonite phase of CaCO3; and determined 620-650 °C as the opti-
mum sintering temperature. Smirnov et al. [26] used ammonium car-
bonate for the sintering of the CaCOs3 to lower the sintering temperature.
Ito et al. [27] used a eutectic mixture of KF-NaF-LiF system with CaCO3
and succeed to produce a 99% dense compact. Despite this research,
only limited information is available on the densification of CaCO3. The
objective of the present study is to produce bio-implants from eggshell
wastes in the form of CaCOj, for which eggshell powder must be
densified.

Spark plasma sintering (SPS) is a promising method compared to
conventional methods as compaction and sintering occur simulta-
neously. 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 crystal-
lization phenomena happening in these eggshells [28-31]. SPS has been
utilized to produce hydroxyapatite [29], tricalcium phosphate implants,
and bioglass® owing to its densification at comparatively low temper-
atures. Moreover, SPS can consolidate a wide variety of materials from
amorphous alloys, crystalline materials, composites, functionally graded
materials, etc. [32-38]. For instance, Mechay et al. [39] used SPS for the
production of hydroxyapatite bone implants and observed suppression
of the sintering temperature from 1300 °C to 900 °C as compared to
conventional sintering techniques. However, to date, there is no data
reporting the SPS technique for the production of eggshells/CaCO3 bone
implants. The present paper aims to study the sintering behavior of the
CaCOjs-rich eggshell and determine the optimum sintering temperate for
bulk production.

2. Experimental details

The commercially produced eggshell powder was densified by SPS
(HPD 10-GB, FCT System GmbH, Germany). A 10 mm diameter graphite
mold with graphite spacers was used to avoid reactions between the
graphite mold and the sample. The chamber was vacuumed and then
filled with nitrogen in a nitrogen glow box, followed by SPS in the
vacuum chamber. A uniaxial pressure of 50 MPa was applied and is
followed by a simultaneous heating cycle. The heating rate was kept at
100 °C/ min with 5 min holding time at the desired temperatures (i.e.,
250 °C, 500 °C, 750 °C, 850 °C, 950 °C, and 1000 °C). The sintering
temperature was measured using a K-type thermocouple inserted into
the graphite mold wall. During the SPS process, the piston movement
(punch displacement), pressure, current, voltage, and temperature were
recorded precisely. The instantaneous change in the punch position can
be calculated using Eq. (1). This instantaneous change in the punch
position is directly correlated to the instantaneous change in density
(hereafter relative density) using Eq. (2).

L=1IL;+ALyx—AL.............. ®

p= (%) D,
where L (mm) and Ly (mm) are the instantaneous and final heights of the
sintered compacts, respectively. ALy, (mm)and AL (mm) represented
the maximum and instantaneous displacement of the upper punch,
respectively. D (%) and Dy (%) were the instantaneous and final relative
density of the powder compact, respectively [40-42].

The Chemical composition of the eggshell powder was analyzed
using X-ray flourescence spectroscopy (XRF) from Rigaku Primus II.
Scanning Electron microscopy (SEM) of the eggshell powder and bulk
sintered samples (compacts) was performed using a Hitachi Tabletop

............ 2)
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SEM (TM-1000). The sintered compacts were polished with 4000-grid
SiC papers before SEM characterization. ImageJ was used to analyze
and extract statistical data (like powder particle size, and achieved
theoretical density in compacts) from SEM images. Thermogravimetric
analysis (TGA) of the eggshell powder was conducted using a NETZSCH
STA 449 F3 Jupiter from room temperature to 1200 °C at a heating rate
of 20 K/min under a nitrogen atmosphere, where ~9.5 mg eggshell
powder was used in alumina crucibles without a lid. X-ray diffraction
analysis (XRD) of the eggshell powder and compacts was carried out
using Rigaku Smart Lab with Cu-Ka, A = 1.5406 A a step size of 0.02
and a scan speed of 5°/min from 20° to 60°.

The presence of structural and functional group constituents in the
sintered compacts was measured by the Fourier transformed infrared
spectroscopy (FTIR) using a Platinum-ATR Alpha FTIR spectrometer
(Bruker Optic GmbH, Germany) using the attenuated total reflection
(ATR) technique in the wavelength range of 50-2500 cm '. The
microhardness of the eggshell compacts was measured using an Indentec
5030 kV Vickers hardness tester (Indentec Hardness Testing Machines
Limited, West Midlands, UK) with a load of 50 g and dwell time of 10 's.
The eggshell compact spark plasma sintered at 250 °C and 500 °C
exhibited porosity, which directly affected the measurement of the
indentation size and, as a result, hardness values. Hence, the compacts
sintered at this temperature were avoided during the hardness test.

3. Results & discussion
3.1. Feedstock

The different elements in the eggshell powder were measured using
the XRF technique and the results are furnished in Table 1. In general,
the eggshell powder is considered calcareous, i.e., its main composition
is CaCO3, Ca, O, and C are the three major constituents amounting to 32,
48, and 19 wt% respectively [10]. However, eggshells are also
composed of other minerals, which was confirmed by the significant
presence of Si and Mg, along with trace amounts of Al, Na, S, P, Cl, Sr,
and Fe [2].

The morphology of the eggshell powder is shown in Fig. 1. The SEM
images of eggshell powder (Fig. 1(a)) show the presence of irregularly
shaped particles with a wide particle size distribution. This morphology
is commonly observed in eggshell powders [43]. The higher-resolution
SEM image (Fig. 1(b)) of an individual large particle reveals the pres-
ence of open pores within a particle. In nature, eggshells contain mi-
cropores between crystalline calcite crystals to allow the transfer of
gases from inside to outside [44]. Fig. 1(c) shows the particle size dis-
tribution of the raw eggshell powder. The particle size of eggshell
powder varies from 0.50 pm to 52.00 um, with an average particle size
of 18 + 12.00 um., showing a wide particle size distribution. The effect
of temperature on the stability of eggshell powder was analyzed using
thermogravimetric analysis (TGA). Fig. 1(d) shows the mass loss in
eggshell powder with an increase in temperature at ambient pressure.
Eggshell powder exhibited a mass loss in three different temperature
zones. In each temperature zone, the mass loss of eggshell powder
depicted a distinct mechanism. In the first zone of the TGA graph, i.e.,
room temperature to around 250 °C, 0.8% mass loss was observed,
owing to the removal of moisture from the eggshell powder [18,45,46].

Eggshells can be considered as a composite biomaterial consisting of
non-calcifying membranes (hereafter-organic matter) and a calcified
shell matrix (mainly CaCOs). The organic matter in the eggshell powder
is metastable in nature and hence with increasing temperature it de-
composes in the temperature range of 250 °C and 650 °C [18,19,45-47].
The decomposition of organic matter can be realized from Fig. 1(d)
during the second segment of the mass loss, which corresponded to a
mass loss of ~7.6% mass loss from the eggshell. The third segment,
~48.9% (Fig. 1(d)) mass loss was relevant to the decomposition of the
CaCOj3. The calcination reaction (see Eq. (3)) [20] restricts the consol-
idation of CaCOs. The calcination temperature of CaCOs varies between
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Table 1

X-ray fluorescence analysis result of the raw eggshell powder.
Elements Cc [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
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Fig. 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.

800 and 900 °C, which mainly depends on the source of the CaCOs3, and
heating conditions [48]. Generally, CaO is white in color along and is
porous and fragile [2].

CaCO3 — CaO+ CO,t...... C 3)

The eggshell powder before and after TGA was subjected to XRD
analysis for determining the phases present in these materials. As shown
in Fig. 1(e), the eggshell powder exhibited peaks at 23.05° (012), 29.41°
(104), 35.98° (110), 39.42° (113), 43.17° (202), 47.52° (018), and
48.58° (116), which corresponds to the presence of calcite (CaCO3),
which is aligned with other reports [49]. However, calcite (CaCO3) has
three polymorphs namely calcite, aragonite, and vaterite. Among them,
calcite is the most thermodynamically stable phase at room temperature
and atmospheric pressure with a rhombohedral crystal structure, R3c
[50]. In the diffraction pattern of CaCOs, the most intense peak is
observed for (104) plane, which corroborates to the calcite phase of
CaCOs [51]. Moreover, no other crystalline phases were observed
ensuring the presence of a single-phased calcite.

In contrast, the eggshell powder after TGA (Fig. 1(e)) observed major
peaks at 28.66° (100), 34.08° (011), 47.06° (012), 50.79° (110), and
54.34° (111) respectively, which correspond to the portlandite struc-
ture, i.e., Ca(OH), phase. CaO is hygroscopic, i.e., it rapidly reacts with
moisture from the atmosphere and transforms into the more stable
portlandite (Ca(OH)2) phase, also known as the hydrated lime (see Eq.
4) [52]. During the TGA analysis, calcination process might have taken
place and when CaO is exposed to the atmosphere, it reacts and further
transforms to portlandite [45-47]. Portlandite has a hexagonal crystal
structure (P3m1) with a : ¢ ratio of 1:1.36 [53]. The appearance of the
portlandite phase corroborates the decomposition of the CaCO3 into CaO

and absorption of the moisture by CaO and conversion into Ca(OH),
(Egs. (3) and (4)).

CaO + H,O — Ca(OH),............ . “

3.2. Characterization of bulk eggshell

The obtained relative density was plotted against the sintering time
(Fig. 2(a)), sintering temperature (Fig. 2(b)), and holding time (Fig. 2
(c)), which offers information about the densification process during
spark plasma sintering. As seen in Fig. 2(a), during the sintering process,
the densification takes place in several steps. Each step depends on the
applied pressure and temperature. The first step relates to the applica-
tion of initial pressure during the SPS process. The powders were sub-
jected to a pressure of 50 MPa before heating, which is known as the pre-
sintering/pre-pressing step. During the pre-pressing step, a mechanical
load is applied to the particles, which is responsible for the fragmenta-
tion, and rearrangement of the particles, and to improve the contact
between the particles. These major changes are of the utmost impor-
tance with respect to densification mechanisms, as the necking between
the particles starts to grow and densifies the compact from the contact
points between particles. Hence, a higher number of contact points/area
provides higher activation energy for neck growth and consecutively
densification [54].

After the pre-pressing step, the sintering process will be initiated, and
a high current is passed through the compact following a joule heating
phenomenon. The theory of SPS postulates that current passes through
two adjacent particles, and generates plasma and electric arcs, which are
responsible for the increase in the sintering temperature, neck
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Fig. 2. Densification curves obtained for different the spark plasma sintered samples as a function of (a) sintering time, (b) temperature, and (c) dwell time.

formation, and pore reduction [55]. Therefore, this step in the SPS is of
utmost importance from the point of view of densification. The changes
in the densification with temperature during this stage are shown in
Fig. 2(b). The temperature is a major driving force for various sintering
mechanisms because it alters the activation energy. During sintering, six
sintering mechanisms take place, among which three are non-densifying
mechanisms and the other three are densifying mechanisms.
Non-Densifying mechanisms involve surface diffusion, lattice diffusion
from the surface, and vapor transport, which do not contribute to the
densification of the compact and only increase its particle size. Whereas,
densifying mechanisms include grain boundary diffusion, lattice diffu-
sion from the grain boundary, and plastic flow to densify the compact
and provide major shrinkage in the compacts (see Fig. 2(b)). Both
mechanisms strongly depend on the sintering temperature, and both
sintering mechanisms compete to dominate. Based on the activation
energy, a higher sintering temperature mainly supports densifying
mechanisms and achieves a higher relative density compared to a lower
sintering temperature (Fig. 2(b)) [55]. Moreover, the 50 MPa pressure
persisted throughout the sintering, which further assisted in increasing
the contacts between particles, providing driving forces for several
densifying sintering mechanisms. However, the non-densifying mecha-
nisms that occur during sintering are largely unaffected by the applied
pressure and changes invoked by pressure in the compact [56]. In
addition to this, as simultaneous particle fragmentation and sintering
changes the surface area of the particles persistently, which in turn alters
the kinetics of the sintering process. Such changes will alter the
decomposition or recrystallization temperature [57]. In general, the
application of pressure during the hot consolidation process alter the

transformation temperature and mechanisms.

Once desired sintering temperature was achieved, the samples are
held for desired time. Fig. 2(c) shows the effect of the holding temper-
ature on the relative density. At relatively low sintering temperatures, i.
e., 250 and 500 °C, the changes in the relative density were almost
negligible. Although, the increase in density at higher holding temper-
atures was owing to the temperature and not correlated to the holding
time. This signifies that densifying mechanisms are more prominent
than non-densifying mechanisms with respect to increases in tempera-
ture, however unaffected by holding time [58]. The holding step was
followed by the cooling step. It is worth mentioning that during cooling
temperature decreases and thermal shrinkage mainly densifies the
compact. As shown in Fig. 2(a), the thermal shrinkage and respective
changes in the densification highly depend on the sintering temperature
as higher sintering temperature expands the compact to a larger extent
as compared to lower sintering temperatures. Therefore at lower sin-
tering temperatures (250 and 500 °C), changes in the relative density
are very small and the curve remains almost flat. Whereas, at higher
sintering temperature (850, 900, and 1000 °C), changes in relative
density is higher [54].

The SEM images of the eggshell samples sintered at six varying
temperatures are shown in Fig. 3. Fig. 3 clearly distinguishes the density
difference and porosity between the samples sintered at 250, 500, 750,
and 850 °C. As seen, the eggshell powder sintered at 250 °C and 500 °C
revealed the presence of individual particles after the SPS process, i.e.,
proper densification could not occur at 250 °C and 500 °C (63% and
60%). As the sintering temperature is increased, it densifies the compact
due to various sintering mechanisms and due to reduction of particle
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Fig. 3. 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), (1) 1000 °C, respectively.

boundary, which almost disappear after 850 °C sintering temperature.
However, at this condition, a network of closed porosity is observed
[59]. The achieved densities are 60 + 1%, 63 + 2%, 78 + 0.1%, 87
+ 1%, 88 &= 3%, and 88 =+ 3% respectively for the eggshell samples
sintered at 250, 500, 700, 850, 900, and 1000 °C, respectively.

Fig. 4 shows the XRD patterns and FTIR data of the eggshell powder
sintered as a function of various sintering temperatures. Fig. 4(a) shows
the XRD graph of the sintered compacts. All peaks in the XRD graph of
the sintered compacts corroborate the rhombohedral crystal structure
corresponding to the calcite phase of CaCOs. All major peaks were
observed near 29°, which is corroborated by the (104) plane of the
Calcite phase. Despite sintering above the decomposition temperature
(800 °C) of the CaCOs, no other peaks appear corresponding to CaO or
Ca(OH),. This implies that in SPS, the decomposition temperature is
shifted above 1000 °C. These XRD patterns clearly advise that the bulk
compacts are made of calcite phase and there was no phase trans-
formation realized [2].

The FTIR spectra of eggshell compacts shown in Fig. 4(b) reveal in-
formation regarding several stretching and bending vibrations of the
functional groups. All the spectra of the SPS eggshells show the presence
of similar functional groups without any differences irrespective of the
sintering temperature. The FTIR spectra of the eggshell powder showed
four major peaks at 1410 cm ™!, 1084 cm ™}, 873 em % and 712 em ™},
which are characteristic peaks of the carbonate group [19,60]. Eggshells
mainly contain CaCO3 with an ionic bond between the calcium and
carbonate groups, whereas a covalent bond exists within the carbonate
group. In carbonates, C is connected to three O atoms via a covalent

bond [61]. This C-O bond is responsible for the vibrations and peaks in
the FTIR spectra [62]. If the C-O bond vibrates too-and-fro with the same
intensity in each direction, it creates a symmetric vibration (v1), which
is generally present at 1083 cm L. In the present spectra (Fig. 4(b)), v1
vibration was weakly present in the eggshell powder; however, with an
increase in temperature, it significantly decreases as the peak intensity
decreases, which is commonly reported for CaCO; [63]. The eggshell
powder exhibited an intense peak at 1410 cm ™!, which corresponds to
the asymmetric stretching of the carbonate group (CO2~) molecular ion
also known as the v3 vibration [64]. 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 [65]. Furthermore, the peaks observed at 712 and 873 cm !
were sharp and narrow, corresponding to symmetric bending (in-plane
bending v4) and asymmetric bending (out-plane bending v2), respec-
tively [64]. These FTIR spectra are consistent with previously reported
data and confirm the presence of carbonate, even if the compacts are
sintered at higher temperatures like 1000 °C. As mentioned earlier,
egghells contain Mg, Na, and other trace elements, which can be in the
carbonate form along with calcium carbonate and are responsible for the
changes in the intensity of the peak with respect to sintering
temperature.

The microhardness test result of the eggshell compacts is shown in
Fig. 5. For the compact sintered at 850 °C, the highest microhardness
value of 157 + 6 HV, 5. However, the compacts sintered at 750 °C,
900 °C, and 1000 °C show similar hardness values of 149 + 5,149 + 7,
and 148 + 8 HVy o5 respectively. In other words, an increase in the
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Fig. 4. (a) X-ray diffraction patterns and (b) 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.
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Fig. 5. Microhardness values of the spark plasma sintered eggshell powder at
different temperatures: 750 °C, 850 °C, 900 °C, and 1000 °C.

sintering temperatures does not alter the microhardness values of the
eggshell compacts. The hardness value is highly dependent on the
density of the compacts. For compacts sintered at 850 °C, 900 °C, and
1000 °C, similar theoretical densities were observed (similar porosity
levels); hence, the hardness values were nearly similar (also it is inter-
esting to note that all these samples show the presence of similar phase
that also attributes to the presence of similar hardness is these materials)
[66,67]. The results are in agreement with other hardness values
observed for the pure calcite phase (105-140 HV) [68-70].

Sintering is a temperature-dependent process, which produces
denser samples at higher sintering temperatures by eliminating porosity.
Therefore, the SPS graph of the eggshell powder sintered at higher
temperatures, i.e., 850, 900, and 1000 °C (Fig. 2(b)) showed the highest
possible density. XRF and XRD patterns confirm the presence of CaCO3
in the form of calcite as the major phase even in the samples sintered at
higher temperatures up to 1000 °C. According to the TGA analysis, the
conversion of CaCOs into CaO should begin at 800 °C and pose difficulty
to produce pore-free and denser samples sintered above 800 °C. How-
ever, the presence of pressure during sintering and simultaneous heating
during the SPS process alters the kinetics of this decomposition reaction
[57]. The XRD and FTIR analysis of the eggshell samples SPS above
800 °C (850 °C, 900 °C, and 1000 °C) showed the presence of the calcite
phase without any calcination reaction, which is similar to the feedstock
eggshell powder. This implies that the temperature for the decomposi-
tion reaction has been shifted to higher temperatures and could not take
place even sintering at 1000 °C. Moreover, the best combination of
densification and microhardness was achieved at 850 °C, which did not
improve significantly by increasing the sintering temperature to 900 °C
or 1000 °C. Also, it is reported that sintering the eggshell powder at
higher temperatures did not achieve the best combination of the me-
chanical property This signifies that for the compaction of the eggshell
powder, 850 °C is found to be the optimum temperature, and eggshell
compacts can be produced without the addition of any reactive phases.

4. Conclusion

The present study explored a unique technique for valorizing
eggshell waste into a bone-grafting material. For the first time, eggshell
powder in the form of CaCOs; was effectively compacted using SPS
without any additional sintering aids. SEM analysis revealed the pres-
ence of irregularly shaped eggshell particles with a wide particle size
distribution. The decomposition of eggshell powder into CaO occurs in
multiple stages, starting with the decomposition of organic matter at
500 °C, followed by calcification above 800 °C, resulting in the
decomposition of CaCOs into CaO. The present study investigated the
possibility of densification of eggshell powders by SPS as the combined
action of pressure and temperature; the decomposition temperature
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shifts to a higher value with the application of pressure during SPS.
According to the TGA analysis, the decomposition should start at 850 °C;
however, in spark plasma sintered samples at 850 °C, 900 °C, and
1000 °C, only CaCOs3 phase was observed in XRD and FTIR results. SEM
images revealed that samples sintered at and above 850 °C exhibited
saturation in density, i.e., 87-88% and did not help to improve the
density of the compact. Hence, it can be concluded that 850 °C is the
optimal temperature for achieving the maximum possible density in
compacts fabricated using eggshell powder. The investigated method
can be further expanded to produce calcium carbonate-based scaffolds
for bone grafting applications because it offers better osseointegration
and improved bio-compatibility. Hence, this research work opens an
opportunity to incorporate eggshells into metallic bio-implants for
example coating of the metallic bio-implant or eggshell-based scaffolds.
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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini Eggshells are a biowaste and potential bio-ceramic due to the major calcium carbonate (CaCO3) content, which
offers bioactivity, bioresorbability, biocompatibility, and antibacterial properties. To benefit from the properties
of the eggshell, this study explores the combined use of ceramic (eggshell) and ductile metal (CP-Ti as a hex-
agonal prism) as composites. A novel Ti-eggshell composite was fabricated by combining additive manufacturing
and powder metallurgical routes. The novel Ti-eggshell composites were characterized for structural and
microstructural analysis using X-ray diffraction and scanning electron microscopy. The hexagonal Ti structs
deform marginally during composite manufacturing (minor variations in the struct dimensions may be observed)
and the composites show the following compressive properties: yield strength of 123 + 34 MPa and a Young’s
modulus of 47 + 2 GPa within the range of natural human cortical bone. In addition, the Ti-eggshell composite
offers non-cytotoxic and antibacterial behavior when tested with gram-negative-Pseudomonas. Aeruginosa and
gram-positive-Staphylococcus. Aureus bacteria suggesting that such novel Ti-eggshell composites can be suitable
members for bioimplant applications.

Keywords:

Additive manufacturing
Powder metallurgy
Circular economy
Bioimplants
Composites

1. Introduction become the preferred choice for the bio-implant and has been widely

used [5]. Ti6Al14V ELI can be manufactured easily and offers flexibility

The growing incidence of arthritis, accidents, and osteoporosis has
led to the need for the development of novel and high-performance
orthopedic implants [1]. Artificial orthopedic implants (made of ce-
ramics, metals, polymers, or their combination) foster bone healing and
re-establish interrupted bone healing processes [2,3]. For load-bearing
applications, implants should not be cytotoxic, offer excellent corro-
sion resistance, and exhibit a good combination of properties including
mechanical properties (like low modulus, adequate strength, appre-
ciable ductility, good fatigue resistance, and good wear resistance).
Generally, bio-implants are manufactured from SS316L (Elastic Modulus
- E ~210 GPa), Co-Cr (E ~230 GPa), and Ti-based alloys (E — 100-110
GPa) [4]. Since developing biocompatible and high strength-to-weight
ratio Ti6Al4V ELI (extra low interstitial impurity content) alloy. It has

to alter the microstructure. 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 [6,7]. On the other hand, commer-
cially pure-Titanium (CP-Ti or Ti) is an unalloyed Ti with ~0.1-0.3 %
oxygen and offers superior ductility and reduced elastic modulus
(100-105 GPa) compared to Ti6Al4V (110 GPa) [8]. Moreover, CP-Ti
offers better biocompatibility and corrosion resistance compared to
Ti6Al4V. Hence, CP-Ti is a promising candidate to be utilized in the
bio-medical field [6,9].

Natural bone is a composite, containing collagen tissue and hy-
droxyapatite ceramic, where collagen provides elastic strength and hy-
droxyapatite offers compressive strength [10]. Based on their
composition, shape, size, and structures there are different types of
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bones [11]. Human cortical bone is a highly dense bone that possesses
elastic modulus in the range of 10-30 GPa [4], in comparison to metallic
implants, it shows 5-10 times higher than human cortical bone. The
difference in Young’s modulus between natural bone and implant leads
to bone resorption (due to the stress-shielding effect on the surrounding
bone) and hence the need for revision surgery. To reduce stress shield-
ing, 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 $-Ti [6,12-15]. 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 recent years [16]. Here, 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 [17]. There exist several techniques that can manufacture porous
bio-implants, such as the space-holding technique, freeze-drying, gas
foaming, etc. These methods can induce the desired level of porosity in
implants; however, there exist issues with the control of the pore ge-
ometry and reproducibility. Additive manufacturing (AM) is a
cutting-edge manufacturing technique, involving a layer-by-layer pro-
duction strategy [18]. Hence, intricate and desired porosity can be made
possible, and replications are also feasible [19]. With the development
of AM, porosity can be tuned to meet patient-specific requirements [20].
Hence, to fabricate bio-implants with the desired elastic modulus,
various lattice structures have been proposed and investigated [21-24].

Porous bio-implants can be categorized into two main types: strut-
based and surface-based implants [25]. Studies have explored the pros
and cons of different structures, but no consensus has been reached on
the superiority of these structures for bone implant applications. The
micro-architecture of the individual structure is important, including
factors such as porosity, strut surface/thickness, compression strength,
Young’s Modulus, and interconnectivity [26]. Porous and non-porous
CP-Ti can be manufactured using conventional/traditional
manufacturing methods such as casting, powder metallurgy, and space
holder technology [27]. However, the reactivity of Ti makes those
processes time-consuming, energy-consuming, and expensive. AM of
CP-Ti offers the production of complex shapes with controlled porosity,
non-stochastic, and even patient-specific implants with requisite prop-
erties [6,12]. For the fabrication of Ti-based alloys, electron beam
melting (EBM), laser powder-bed fusion (LPBF) process/selective laser
melting (SLM), wire arc additive manufacturing (WAAM), directed en-
ergy deposition (DED) are generally employed [28,29]. LPBF offers a
high cooling rate (10*-10° K/s) that leads to the formation of
martensitic microstructure in CP-Ti, which improves their mechanical
properties [9]. Porous Ti-based implants show better osseointegration
compared to solid implants as the porosity provides space for the human
cell to grow and integrate with the body [30]. 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. Bioactive ceramics,
such as hydroxyapatite [31], tri-calcium phosphate [32], amorphous
calcium phosphate (ACP) [33], or calcium carbonate (CaCO3) show
better bioactivity [34].

CaCOs in the natural bone along with hydroxyapatite and collagen
facilitates the osseointegration process. The main advantage of using
CaCOgs-based implants is their bioresorbability. Bioresorbable materials
also degrade like biodegradable materials but also release a controlled
amount of Ca*? and PO3°, which act as therapeutic agents to heal bone
injuries and increase bactericidal activity [35,36]. Chicken eggs are a
daily food ingredient and are widely consumed in Europe and world-
wide as a rich source of CaCOs3. Approximately 7.0 million tons of eggs
will be annually used in Europe alone in 2018 [37]. The inner core of the
egg and the thin protein layer of the egg (albumin) are useful for food
processing, 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
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production. This eggshell layer contains potential nutrients and ele-
ments such as CaCO3 ~94-95 %, calcium phosphate (Cag(PO4)2) about
1 %, magnesium carbonate (MgCO3) ~1 %, small amounts of sodium
(Na) (1512 ppm), strontium (Sr) (320-411 ppm), magnesium (Mg)
(3472-4500 ppm), sulfur (S) (589 ppm), potassium (K) (525 ppm), and
~4 % organic substances [38,39]. 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 [40,41]. Utilizing eggshells as food
calcium supplements has not eliminated waste disposal issues. Reports
also show the use of eggshells in different applications such as wall tiles
[41], Cd- and Pb-like heavy metal removal [42], solar photocatalytic
fabrication for wastewater treatment [43], and polymer composite [44].
Nevertheless, a major concern still exists in effectively employing egg-
shells for value-added applications. This research aims to utilize eggshell
waste in orthopedic bio-implants to produce sustainable bio-implants.

Valorizing eggshells in bio-implants will reduce environmental is-
sues and promote sustainable production through a circular economy
approach. However, implants made from these ceramics are prone to
brittle failure and have inferior mechanical properties, which limits
their applications. The inherent brittleness of ceramics poses a signifi-
cant 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 [45,46]. This has led to
growing interest in biocomposites that combine the strength and
ductility of metals with the bioactivity of ceramics. Only a limited report
deals with the fabrication of eggshell-doped biocomposites. Acharjee
et al. [47] have developed Ti-doped waste eggshell-derived HAp for
bone grafting applications, where eggshell-derived HAp was fabricated
by mixing with 5 % Ti, and subsequently compacted and sintered at
900 °C. This process resulted in an apparent porosity of ~27 + 1 % with
a 12-168 pm pore size distribution. In addition, the results show that
these composites offer a higher degree of cell attachment to the bone
implant suggesting that the doped eggshells exhibit increased bioac-
tivity. Similarly, Husein et al. [48] have reinforced Mg and Mg-1Zr with
2.5 % eggshell using a powder metallurgy route to form a metal matrix
composite, involving ball-milling and mixing, followed by uniaxial
compaction and sintering at 450 °C for 2 h. Both composites exhibited
bone-matching density. The striking feature of these composites is their
corrosion rates. The corrosion rates in Hank’s solution decrease from
12.1 mmpy to 3.81 mmpy, and 1.045 mmpy for pure Mg, Mg-2.5 ES,
Mg-1Zr-2.5 ES composites, respectively. This highlights the enhanced
anti-corrosion performance of the composites with the influence of
eggshells.

Based on the detailed literature survey, the present research aims at a
novel approach to use eggshells with AM-fabricated Ti-based hexagonal
prism lattice using a combined LPBF and powder metallurgy (spark
plasma sintering - SPS) approach. This paper for the first time integrates
the use of CaCO3 bio-ceramics/eggshells with Ti-based bio-implants. Ti-
based bio-implants are prone to bacterial infection, hence bacterial
adhesion and colonization are commonly observed [49,50]. If the
implant lacks inherent antibacterial properties, bacteria can proliferate
and form a biofilm on the implant surface, leading to implant-associated
infections (IAI) [51]. IAlL is a critical situation, as it may lead to revision
surgery, antibiotic therapy, unnecessary suffering to patients, and in
extreme cases, disability [51]. Therefore, minimization of IAI is desired
for implants, and producing bio-implants with inherent antibacterial
properties can be a preventive solution [52]. The addition of eggshell is
two-fold; it is bio-resorbable, bio-active, and osseoinductive, addition-
ally, it exhibits antibacterial properties and shows bactericidal activity.
Recent advances in biomaterials research underscore the importance of
developing implant surfaces that inherently resist bacterial attachment
while promoting cell adhesion. Such surfaces can provide the immune
system with additional time to eliminate infection-causing bacteria
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Fig. 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.

before biofilm formation. Accordingly, this research aims to develop and
characterize the Ti-eggshell composite for bone tissue engineering. By
harnessing the unique properties of both materials, this composite aims
to overcome the limitations of current implant technologies and enhance
the performance and longevity of bone implants. Hence, the present
study aims at a detailed characterization of the composite material fol-
lowed by their mechanical and biomedical properties. The mechanisms
involved in bacterial adhesion and growth will be elucidated.

2. Experimental details
2.1. Fabrication of the CP-Ti lattice

SLM280 machine (from SLM Solutions GmbH) equipped with a fiber
laser was used to fabricate the CP-Ti-based lattice structures. The laser
used in the manufacturing process has a maximum capacity of 700 W. A
conical laser beam was employed that has a spot size of ~80 pm at the
substate. Gas-atomized spherical CP-Ti powder (Grade 2) from Nanoshel
(particle size 30-50 pm) was used in this work. The following SLM pa-
rameters were employed in the present work: A laser power of 165 W,
laser scan speed of 138 mm/s, hatch spacing of 110 pm, layer thickness
of 50 pm, and a hatch rotation of 72° was used to fabricate the CP-Ti
lattices [9]. Argon gas was used to purge the building chamber, and
an argon atmosphere was maintained throughout the process to keep the
oxygen levels below 100 ppm. The microarchitecture of the lattice
structure designed to fabricate CP-Ti using LPBF is furnished in Fig. 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 [53]) provides Young’s modulus
in the range of the cortical bone (7-30 GPa) [21] and offers good
compressibility and energy absorptivity [54]. The HXP lattice includes
both vertical and horizontal struts, which are better achievable than
inclined struts by LPBF [55]. Fig. 1(a and b) shows the CAD design of the
HXP lattice designed using SolidWorks. As shown in the top view (Fig. 1
(a)), the unit cell is 2 mm in length with a strut thickness of 0.2 mm
(inset attached in Fig. 1(a)). Notably, the individual struts are also
hexagonal with a strut thickness of 0.2 mm as it 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 Fig. 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 [56]. This calculation
yielded a relative density of 36 %. Fig. 1(c) displays an optical image of
the LPBF CP-Ti lattice replicating the CAD design within experimental

limits.

2.2. Fabrication of the Ti-eggshell composite

To fabricate the Ti-eggshell composite, the eggshell powder (pro-
cured from Xiamen Lichengda Technology Co. Ltd., Xiamen, Fujian
province, China) was added to the lattice structure and is spark plasma
sintered. Spark plasma sintering (SPS) was carried out using an SPS
device (from HPD 10-GB, FCT System GmbH, Germany), which is placed
inside a glove box (in a controlled environment). A 10 mm cross-section
graphite outer ring and graphite punches were used during the SPS
process. The graphite spacer was used to minimize interaction between
the sample and the graphite mold. The presence of a graphite spacer
helps in the easy removal of the sample from the mold. A uniaxial
pressure of 50 MPa was applied, followed by a simultaneous heating
cycle. As previously optimized [40], a maximum temperature of 850 °C
was achieved with a 100 °C/min heating rate, and the composite sample
was held at the maximum temperature (850 °C) for a dwell time of 5
min. The temperature measurement during the SPS process was carried
out using a K-type thermocouple.

2.3. Materials characterization and mechanical testing

To determine the microstructure of the CP-Ti, a solid sample with 5
mm diameter and 5 mm height was produced along with the lattice. The
produced solid samples were mounted in an epoxy resin. The standard
metallographic procedures including grinding and polishing with
different grades of emery papers were employed to remove all the
scratches and mechanical imperfections in the sample surface. The
mechanically polished surface was etched using a Kroll’s reagent and
observed under optical microscopy (Leica Microsystems) and high-
resolution — scanning electron microscope (HR-SEM) (model — Zeiss
GeminiSEM 450). The feedstock CP-Ti and eggshell powders were also
examined using SEM evaluating the particle size distribution and shape.
In addition, the microstructure of the Ti-eggshell composite was exam-
ined using an HR-SEM and subsequently analyzed using energy disper-
sive spectroscopy (EDS) (from INCA pental FETX3, Oxford instrument)
fitted with the SEM device. High-resolution imaging was carried out
using a transmission electron microscope (TEM) (from Tecnai G2 F20,
FEI, Germany) equipped with a high-angle annular dark-field (HAADF)
TEM using an FEI 80-300, and nano-diffraction.

The phases present in these samples (CP-Ti, eggshell, and CP-Ti-
eggshell composites) were examined by X-ray diffraction (XRD) using
a Rigaku smart lab equipment equipped with a Cu-Ko radiation (A =
1.5406 A). A step size of 0.02° and a scan speed of 5°/min were
employed during the XRD measurements. The defect density (especially
dislocation density) values are calculated from the XRD patterns using
the conventional Williamson-Hall equation. The crystallographic
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Fig. 2. Scanning electron microscopy images of the commercially pure Ti (CP-Ti) powder taken at (a) low magnification and (b) high magnification. (c) Plot showing
the particle size distribution of the employed gas-atomized CP-Ti powders where the average particle size is observed to be 29 + 14 pm. Scanning electron mi-
croscopy images of the raw eggshell powder taken at (d) low magnification and (e) high magnification. (f) The particle size distribution plot of the employed eggshell

powders where the average particle size is observed to be 14 4+ 12 pm.

information was extracted from the XRD data. The mechanical perfor-
mance of the composites was evaluated in the form of compressive tests
using an Instron test 5567 screw-driven universal testing machine at a
strain rate of 10~° mm/s. During the compression testing, the loading
direction was co-axed with the building direction of the lattice.

2.4. Cytotoxicity and bacterial study

To compare the biological performance of the Ti-eggshell composite,
eggshell compact produced by SPS and CP-Ti solids (of 6 mm height and
10 mm diameter) were utilized. To assess the cytotoxicity of the sam-
ples, the samples were immersed in the a-MEM that contains 1 %
penicillin-streptomycin and 10 % fetal bovine serum solution. The so-
lution with 10 % fetal bovine serum and 1 % penicillin-streptomycin was
centrifuged and filtered after 24 h before being added to the cell culture.
Adipose-derived stem cells (ADSCs) at passage 6 were cultured in special
flasks containing the a-MEM media. The cytotoxicity of samples was
tested using a lactate dehydrogenase (LDH) assay (CyQUANT™ LDH
Cytotoxicity Assay Kit). Upon reaching a confluency of 80 %, 20,000
cells/mL were seeded into each well (in a 24-well plate system) con-
taining the filtered solution from different specimens. After incubation
for 24 h at room temperature (~37 °C) and 5 % CO,, from each well
plate, a 50 pL solution was placed into a 96-well plate. The standard
protocol for determining cytotoxicity was employed to evaluate the
cytotoxicity of different surfaces. The cells grown in the polystyrene well
plate was used as a positive control. On the other hand, the negative
control employed here is the cells exposed to lysis buffer. The absor-
bance values of the samples are read in a microplate reader (from
FLUOstar Omega, BMG LABTECH, Cary, NC, USA) with wavelengths of
490 nm and 680 nm. The results were evaluated using a two-way
ANOVA analysis. The origin software was employed to evaluate the
post-hoc Tukey’s honestly significant difference (HSD) test, with sig-
nificance defined as p < 0.05.

The antibacterial activity of the samples (surfaces) was carried out
using the bacterial cultures of two different bacteria, namely, gram-
negative pseudomonas aeruginosa (ATCC 10145) (hereafter P. aerugi-
nosa) bacteria and gram-positive staphylococcus aureus (ATCC 6538)
(hereafter S. aureus) bacteria. These bacteria were cultivated in 8 mL
tryptic soy broth (TSB) from Sigma-Aldrich. They are then incubated at

room temperature (37 °C) for a dwell time of 12 h. The solution con-
taining the bacteria was then diluted until an optical density of 0.52 was
achieved, corresponding to a concentration of 10° colony-forming units
(CFU)/mL of TSB solution, measured at 562 nm wavelength. The sample
surfaces were cleaned with DI water and sterilized under the UV light for
60 min and were then transferred to a 24-well plate. A 500 pL bacteria
solution with a concentration of 10° CFU/mL was added to each well.
The well plates were then incubated for two different time durations (6 h
and 24 h) at room temperature (37 °C), respectively. After the requisite
incubation time, the bacterial solution was removed, and a PBS solution
was used to rinse the surfaces. The bacteria present on the surfaces were
fixed by immersing the surfaces in a fixative solution (composition of the
solution: 3 % glutaraldehyde, 0.1 M sodium cacodylate, and 0.1 M su-
crose in DI water) for a dwell time of 45 min. After fixing the bacteria,
they were allowed to sit in a buffer solution (fixative solution without
the presence of glutaraldehyde) for a dwell time of 10 min. The surfaces
were then immersed subsequently in 35 %, 50 %, 70 %, and 100 %
ethanol for a dwell time of 10 min each before being stored in a desic-
cator. To increase the conductivity for imaging, the surfaces were coated
with 10 nm gold (Au). The bacterial morphology and the biofilm for-
mation on the different sample surfaces were evaluated using the field
emission SEM (JEOL JSM-6500).

3. Results and discussion

Fig. 2(a,b,d, and e) shows the SEM images of both CP-Ti and eggshell
powders. The CP-Ti powder (Fig. 2(a and b)) employed in the present
study is a gas-atomized powder with a spherical morphology. Some
satellite particles (small spherical-shaped particles) are observed to be
present on the boundaries of the large spherical particles. These satellite
particles are common in gas-atomized powder due to the collision of the
fine particles and partially molten particles because of gas circulation in
the atomizing chamber [57]. The particle size distribution plot displayed
in Fig. 2(c) indicates the presence of a wide range of particle sizes, with a
mean size (dsp) of 29 & 13 pm. On the other hand, the eggshell powders
(Fig. 2(d and e)) exhibit the presence of irregularly shaped particles,
where tiny particles stick to the surface of the large particles due to their
large surface area. Fig. 2(f) presents a powder particle size distribution
plot revealing that the large particles are in the range of 52 pm, while the
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Fig. 3. (a) X-ray diffraction patterns of the CP-Ti produced by laser powder-bed furoin process, eggshell compact produced by SPS and Ti- eggshell composite, (b)
Scanning electron microscopy image of the eggshell, (c) Optical Microscopy image, and (d) Scanning electron microscopy image of CP-Ti produced by laser powder-
bed fusion process; (e) Scanning electron microscopy image of the CP-Ti lattice before SPS; (f) Scanning electron microscopy image of the CP-Ti- eggshell composite,
(g) higher magnification Scanning electron microscopy image of the CP-Ti- eggshell composite interface.

small particles are in the range of 0.5 pm, with a mean particle size (dso)
observed to be 14 + 12 pm.

Fig. 3(a) shows the XRD patterns of the LPBF fabricated CP-Ti, SPS
eggshell compacts, and Ti- eggshell composite. LPBF CP-Ti shows the
presence of the major peaks at 35.06° (100), 38.36° (002), 40.11° (101),
and 70.62° (103), respectively corresponding to the hexagonal closed
packed (HCP) crystal structure of the Ti having the space group: P63/
mmc (194) [9]. Since rapid cooling is involved during the fabrication of
CP-Ti by the LPBF process, the solidification conditions favor the for-
mation of a martensitic phase with the HCP structure [8]. Fig. 3(c and d)
illustrates the microstructure of the LBPF fabricated CP-Ti, revealing the
presence of a martensitic structure (o). Attar et al. [9] and Gu et al. [58]
have also reported a similar martensite microstructure in LPBF-CP-Ti
samples. During the LPBF process, multiple scans create multiple cool-
ing cycles, resulting in further modification of the martensitic structure.
The modified martensite may be defined based on the dimensions of its
major and minor axes. As marked with black arrows (in Fig. 3(c and d)),
the plate with a major axis greater than 20 pm is marked as primary
martensite. The plates with major axis dimensions between 10 pm and
20 pm are differentiated as secondary martensite, and all other plates
with major axis dimensions falling between 1 pm and 10 ym are termed
as ternary martensite [59].

The SPS fabricated eggshell compact (Fig. 3(a)) displays its major
peaks at 29.40° (104), 47.46° (018), and 48.51° (116), respectively. The
highest intense peak at (104) confirms the presence of the calcite phase
of CaCOs3, which has a rhombohedral crystal structure belonging to the R
3 ¢ space group [60-62]. As depicted in Fig. 3(b), the SEM image of the
SPS fabricated eggshell compact exhibits the presence of porosity, where

the compacts are observed to be ~87 + 1 % dense [40]. According to
Fig. 3(a), the XRD pattern of the Ti-eggshell composites showed the
presence of all peaks of CP-Ti (HCP structure) and calcite phase. No
additional peaks are observed suggesting there is no interfacial reaction
taking place during the SPS process. Fig. 3(e) depicts the SEM image of
the CP-Ti lattice before being subjected to the SPS consolidation process.
The average length of the strut deviated from the CAD design by ~23 %.
However, after SPS (Fig. 3(f)), the average length of the individual strut
remained constant, with a higher average deviation. As evident from
Fig. 3(f), the length of the strut varied, with certain areas being elon-
gated and others contracted. This might be attributed to the influence of
both the thermal and mechanical energies acting on these struts during
the SPS process. Additionally, the width of the strut broadened after SPS,
which resulted in a reduction of the distance between two parallel struts.
During SPS, the applied pressure of 50 MPa (to densify the lattice) to
such changes in the strut dimensions [63]. Moreover, the edges of the
struts were wavy and not straight, which is a common geometric
imperfection in horizontal struts [64], where they involve overhanging
features. Overhanging features during the LPBF processing generally led
to irregular surfaces and wavy edges. Strut waviness, dimensional and
geometric deviation, and particle adhesion are more pertinent in thin
wall/strut structures, which are mainly caused by gravitational factors
as well as heat transfer properties. Furthermore, necking was observed
at the nodal points, which is a typical defect that occurs when up to 5
struts merge at a single point. Necking is also a factor, which creates
deviation from the original design and individual strut length [64]. In
the present design, three struts merge from a single plane, while two
struts merge from the perpendicular plane.

As shown in Fig. 3(g), the interface of the composite (CP-Ti and
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Table 1

Table showing the average dimensions (length, width, and distance between two
parallel struts) observed for the struts calculated from the scanning electron
microscopy images and their variations as a function of processing conditions.

Description Average length of

the strut (n = 10)

Average width of
the strut (n = 10)

Average distance
between two parallel

(mm) (mm) struts (n = 10) (mm)
CAD Design 2.0 0.5-0.7 3.1-3.2
As-built 1.54 4+ 0.09 0.68 + 0.09 2.83 + 0.06
lattice
Lattice after 1.54 £ 0.15 0.85 £ 0.10 2.68 +0.07

SPS

eggshell) does not exhibit the presence of defects like porosity, which
might be attributed to the effect of the processing parameters employed
during the SPS consolidation process. In addition, no formation of new
phases is observed at the interface (since no thermal reaction has taken
place no intermetallic phase has formed) corroborating the XRD data.
The original strut dimensions (involved during the CAD design), the
strut dimensions after fabricating using the LPBF process, and the
changes in the strut dimensions after being subjected to the SPS
consolidation process are shown in Table 1. The table depicts the minor
variations in the strut dimensions between the CAD model and the
fabricated actual sample, which is related to the process capabilities. In
addition, further changes in the strut dimensions after the SPS consoli-
dation process (which is already discussed) are related to the application
of both thermal and mechanical energies during the consolidation pro-
cess. The dislocation density calculated for the LPBF-CP-Ti strut is found

Grain boun
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to be 3.8 = 1 x 10'° m/m®. Such high dislocation densities are typical for
LPBF-manufactured materials, even observed for other materials like Al-
based, Ti-based, Co-based, and Ag-based alloys [65-67]. The high
cooling rate observed during the process aids in rapid quenching of the
material leading to the formation of meta-stable phases with a high
degree of geometrically necessary dislocations (GNDs). The lattice pa-
rameters for the martensitic phase are observed to be a = 2.9506 A, and
¢ =4.6850 A (leading to a c/a ratio of ~1.5878).

The lattice parameters show that the c/a ratio is well below the ideal
value of 1.633, where the dimensions along the c-axis are reduced
significantly compared to the a-axis. On the other hand, the fabrication
of the composites by SPS involves the heating of the CP-Ti lattice along
with the eggshell powders to 850 °C (below the beta transus tempera-
ture) for 5 min and subsequently cooled slowly inside a graphite die, a
process very similar to annealing. Hence, the CP-Ti is subjected to an
annealing kind of treatment during the composite fabrication process.
Hence the concentration of dislocations (dislocation density) after the
composite fabrication process and along the CP-Ti lattice reduces to 6 +
2 x 10" m/m°. At the same time, the lattice parameters of CP-Ti also
change, where a and c are found to be 2.9508 A and 4.6882 A, respec-
tively leading to a c/a ratio of 1.5888. Generally, the c/a ratio Ti is
observed to be 1.5888 instead of the ideal hcp c/a ratio of 1.633.

Fig. 4 shows the TEM images of the LPBF-processed CP-Ti. The
selected area diffraction pattern (SAED - in Fig. 4(a)) of the CP-Ti shows
the presence of a typical HCP phase, in the present case attributing to the
martensitic phase formation. The SAED pattern is taken along the zone
axis [2 11 0] and hence the angle between the planes A and B is observed

location

Zone axis = [2110]

Fig. 4. 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.

O

C

Fig. 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).
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Fig. 6. (a) Room temperature uniaxial compressive stress-strain curves observed for the LPBF-fabricated CP-Ti lattice, eggshell compact, and CP-Ti-eggshell com-
posites 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.

Table 2
Table furnishing the Young’s Modulus and the Yield Strength for the CP-Ti lat-
tice, consolidated, and Ti-eggshell composites.

Description Youngs Modulus (GPa) Yield Strength (MPa)

CP-Ti 38+1 37+2
Eggshell 87 £ 11 155 + 15
Composite — CP-Ti + Eggshell 47 £2 123 + 34

to be 28.62° and BC is observed to be 61.38°. The SEAD pattern agrees
with the XRD and SEM results, where o’ martensitic structure is observed
in the CP-Ti lattice. The bright field image in Fig. 4(b) shows the
different kinds of crystal defects that can be observed in a material. For
instance, line defects in the form of dislocations are observed. The dis-
locations do not present isolated but are present in the form of lines,
sometimes extending from one grain to another. Other surface defects
like the grain boundaries and twins/twin boundaries are also observed
in the LPBF-fabricated CP-Ti material. The presence of these defects may
also be corroborated by the extreme cooling conditions that exist during
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Fig. 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).

the LPBF processing of materials. Fig. 4(c) shows the inverse fast Fourier
transform image (IFFT) displaying the presence of numbers of edge
dislocations. The presence of both positive and negative edge disloca-
tions is observed in the LPBF-processed CP-Ti. These dislocations are
generated during the solidification process since these materials are not
subjected to mechanical treatment. During solidification and on
increasing strain over the solidifying surface (solidification solid/liquid
interface), a few dislocation walls cut among themselves leading to the
multiplication of two similar dislocation walls. As expected, the negative
edge dislocation contributes to the generation of tensile stress on the
microstructure and the positive edge dislocation induces compressive
stress in return. A series of dislocation grids are observed over the entire
surface where multiple positive and negative edge dislocations exist
(Fig. 4(c)).

The energy dispersive X-ray (EDX) mapping of the Ti-eggshell com-
posites is furnished in Fig. 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 CaCOs phase. 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. Fig. 6(a)
showcases the room temperature uniaxial engineering compressive
stress-strain curve of the LPBF-fabricated CP-Ti, SPS-made eggshell
compacts, and Ti-eggshell composite. The yield strength (cy) calculated
for the CP-Ti sample is ~38 + 2 MPa, while for the eggshell compact, the
Gy is observed to be 155 4 15 MPa and for the Ti-eggshell composite the
oy is observed to be 123 + 34 MPa (see Table 2). The images of the
samples after the compression test are shown in Fig. 6(a) as inset and
their enlarged view is shown in Fig. 6(b-d). The CP-Ti lattice after
fracture shows the presence of a plateau, which is a common compres-
sive behavior for porous structures as per ISO 13314 standards [54]. The
smooth plateau region corroborates the ductile behavior of the lattice
[17] The fractured image of the hexagonal Ti lattice reveals that the
struts of the top layer and the layer beneath it are bent at an angle of 75°
and 65° respectively but in opposite directions, which is referred as
sequential bending. The hexagonal lattice only contains the vertical
struts (parallel to the loading direction) and horizontal struts (perpen-
dicular to the loading direction) without any strut included at an angle
to the loading direction. Previously, Choy et al. [54] reported that due to
the nature of the loading direction, the horizontal struts are unaffected
by the compression load. On the other hand, the horizontal struts are
supported by the vertical struts resulting in the bending of vertical struts
with an angle of 75° [54]. However, after the second layer from the top
(Fig. 6(b)), the layer thickness remained consistent (4 mm as per design)
owing to the sequential bending pattern [68].
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Fig. 8. Scanning electron microscopy images of the Staphylococcus aureus bacteria (false-colored green) and Pseudomonas aeruginosa bacteria (false-colored cyan)
for the LPBF-fabricated CP-Ti, SPS-made eggshell compact, and the Ti-eggshell composite (abbreviated as composite). (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)

The ‘saw-tooth” behavior was observed in the plastic regime, which
is common in brittle ceramic materials, which is pertinent to the
emergence and densification of micro-cracks, ultimately failing the
material. In the fractured eggshell sample (Fig. 6(a—c)), the serrated
pattern is observed, which is attributed to brittle fracture [69,70]. The
Ti-eggshell composite (Fig. 6(a—d)) displayed a combined compressive
behavior of both CP-Ti and eggshell, which includes an increase in yield
strength similar to eggshell compact whereas decrease in Young’s
modulus similar to CP-Ti lattice. As a result, the Ti-eggshell composite
demonstrated a compressive yield strength of ~123 + 34 MPa and
Young’s modulus ~47 + 1 GPa, which is in the range of natural cortical
bone (compressive yield strength = 100-130 MPa, and Young’s
modulus = 5-30 GPa respectively) [71]. Fig. 6(d) shows the optical
image of the Ti-eggshell composite after the compression test, which
indicates that compressive failure occurred at an angle equivalent to
~45°. Such 45° failure is attributed to shear and thus in the present case
can be referred to as diagonal shear, corroborating a brittle fracture.

LDH is an enzyme present in cells and the cytotoxicity of the material
can be identified from the LDH release caused by lysis due to material
contact. The release of LDH enzyme to the media directly implies the
cytotoxicity of the material, whereas the lower absorbance readings
imply higher cytocompatibility [72]. Fig. 7 shows the cytotoxicity
behavior of the CP-Ti, eggshell, and Ti-eggshell composite on
adipose-derived stem cells (ADSCs). Eggshell exhibits the lowest
absorbance (lowest LDH release), whereas CP-Ti and Ti-eggshell com-
posite display similar absorbances. However, all the samples demon-
strate lower cytotoxicity compared to the cytotoxic control and no
statistical difference from the polystyrene control. Fig. 8 shows SEM
images of the ATCC 6538 — Staphylococcus aureus (S. aureus) and ATCC
10145 - Pseudomonas aeruginosa (P. aeruginosa) bacteria after being
grown for 6 h and 24 h, respectively. As depicted in Fig. 8, bacteria
growth is higher on the CP-Ti surface (easy growth on the CP-Ti surface),

Table 3
Table furnishing the bacteria inhibition efficacy observed in the consolidated Ti-
eggshell composites.

Description Staphylococcus Pseudomonas
aureus aeruginosa
6h 24h 6h 24h

Eggshell 72 49 78 86

Composite (Ti + Eggshell) — ES zone 61 46 68 71

Composite (Ei + Eggshell) - Ti Zone 45 33 55 64

followed by Ti-eggshell composite and eggshell compacts. CP-Ti surface
showed bacteria biofilm formation after 24 h of bacteria growth for both
types of bacteria used. In the eggshell compact (refer to Fig. 8), bacteria
growth is reduced due to the antibacterial activity of the CaCOs, espe-
cially against P. aeruginosa. Ti-eggshell composite contains both
eggshell and CP-Ti surfaces, among this CP-Ti surface exhibited more
bacteria growth compared to the eggshell regions. However, bacteria
growth in the composite is significantly reduced compared to the CP-Ti
and there are no signs of biofilm formation.

As presented in Table 3, the inhibition efficiency is most pronounced
in the eggshell samples, followed by the eggshell-rich regions of the Ti-
eggshell composite and the Ti-rich regions of the composite. Remark-
ably, the Ti-rich zones exhibit bacterial inhibition ranging from 33 % to
64 %, as depicted in Fig. 8, where biofilm formation is significantly
reduced in these regions when compared to the CP-Ti surface. In
contrast, the CP-Ti surface displays biofilm formation after 24 h of
bacterial growth, indicating lower antibacterial efficacy. The plots
below illustrate the percentage area covered by Staphylococcus aureus
(Fig. 9(a)) and Pseudomonas aeruginosa (Fig. 9(b)) bacteria and then
bacterial inhibition efficacy is furnished in Fig. 9. The hypothesis behind
the antibacterial activity and interaction of bacteria on the surface is
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Fig. 9. Comparison of area coverage (%) on the LPBF-fabricated CP-Ti lattice, SPS-made eggshell compact, and the Ti-eggshell composite (abbreviated as composite)
after 6 h and 24 h of incubation with (a) Staphylococcus aureus, and (b) Pseudomonas aeruginosa bacteria.
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Fig. 10. Schematic diagram illustrating the micro-surface detailing the mech-
anism involved in the antibacterial behavior of the Ti-eggshell composite.

explained in Fig. 10.

Staphylococcus aureus (S. aureus) and Pseudomonas aeruginosa (P.
aeruginosa) are two common types of gram-positive and gram-negative
bacteria respectively [73]. The bacteria cell wall is the first layer to
interact with the material surface. Both bacteria possess different cell
wall structures, with the gram-negative being a highly complex structure
with a thin layer of peptidoglycan [74]. It is shown in the literature that
the calcium ions can interact and bind with both the cell walls, which
could interrupt energy transport [75]. However, the ions can also pass
through the cell wall and interact with the bacterial cytoplasmic mem-
brane. In bacteria cells, H" ion (proton) exchanges constantly, which is
known as the proton pump. This proton pump is essential to the syn-
thesis of adenosine triphosphate (ATP). Eggshells are mainly composed
of CaCO3, more specifically Ca™2 and CO3?2 ions connected with ionic

bonds. CaCOs is highly alkaline. When it encounters a bacterial solution
containing water (H0), it easily combines with the H* ion and produces
HCO3 and OH™ ions. H' ion is mainly consumed to neutralize CaCOs,
which produces the H" (proton) depleted zone. In the cell membrane,
protons play a crucial role as the proton gradient produces ATP through
the electron transport chain (ETC) (Schematics shown in Fig. 10). ATP is
a powerhouse of the cell, and disruption in ATP synthesis adversely
affects the bacterial growth, bacteria metabolism and as results in bac-
terial death. Briefly, the alkaline nature of the CaCOj3 inhibits bacterial
growth and biofilm formation in eggshell-based bio-implants [76-78].
Whereas, in the case of CP-Ti, there are no such ions present to produce
H" depleted zone. Moreover, compared to calcium, titanium is not
strongly alkaline. An alkaline environment also acts similarly to inhibit
bacterial growth. Hence, monolithic CP-Ti did not show such bacteri-
cidal activity but with the addition of eggshell the bactericidal activity
increases in the composite. This suggests that the Ti-eggshell composite
can be a good candidate for fabricating bactericidal surfaces and
implants.

4. Summary

In the present manuscript, a novel Ti-eggshell composite was man-
ufactured using a combined additive manufacturing-powder metallur-
gical (LPBF-SPS) approach. A CP-Ti hexagonal prism lattice was
successfully fabricated using the LPBF process. As expected, with the
extreme cooling conditions observed during the LPBF process, materials
with a high degree of internal defects (especially dislocations) can be
observed along with the metastable martensitic phase (o). The eggshell
power was then introduced into the lattices of the CP-Ti and subjected to
spark plasma sintering to fabricate these novel Ti-eggshell composites,
effectively valorizing eggshell waste for use in bone-grafting materials.
The composite retained the chemical composition and phases of calcium
carbonate from the eggshell and titanium from the lattice. Room tem-
perature uniaxial compression tests were conducted on these samples.
The CP-Ti lattice failed by sequential bending, the eggshell compact
failed by brittle fracture, and the Ti-eggshell composite failed by diag-
onal shear. Notably, the Ti-eggshell composite exhibited compressive
strength and Young’s modulus matching that of the natural human
cortical bone. Furthermore, the Ti-eggshell composite was found to be
non-cytotoxic to ADSCs and safe to be used as a biomaterial. Ti-eggshell
composite demonstrated excellent antibacterial activity against both
gram-positive bacteria (S. aureus) and gram-negative (P. aeruginosa).
The antibacterial activity of the eggshell or eggshell-containing com-
pacts is attributed to disruption in the proton pump. In conclusion, this
study reports the successful valorization of eggshell waste (circular
economy route) in bio-implants by introducing a CP-Ti lattice produced
through additive manufacturing. The resulting Ti-eggshell composite
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possesses mechanical properties comparable to that of natural human
cortical bone, making it a promising material for biomedical (implant)
applications.

CRediT authorship contribution statement

Riddhi Shukla: Writing — original draft, Methodology, Investiga-
tion, Formal analysis, Data curation, Conceptualization. Mayank
Kumar Yadav: Writing — original draft, Methodology, Formal analysis,
Data curation. Liszt Yeltsin Coutinho Madruga: Writing — original
draft, Methodology, Investigation, Formal analysis, Data curation.
JJayamani Jayaraj: Writing - review & editing, Validation, Resources.
Ketul Popat: Writing — review & editing, Visualization, Supervision,
Resources. Zhi Wang: Writing - original draft, Resources, Investigation,
Formal analysis. Lixia Xi: Writing — original draft, Resources, Method-
ology, Investigation. Konda Gokuldoss Prashanth: Writing — review &
editing, Validation, Supervision, Resources, Project administration,
Funding acquisition, Conceptualization.

Data availability statement

The data published in the article may be available on reasonable
request.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

The authors gratefully acknowledge funding from the National
Natural Science Foundation of China (No. 52205382) for TEM studies
and the Analytical Resources Core (RRID: SCR_021758) at Colorado
State University for providing instrument access, training, and assis-
tance with sample analysis.

References

[1] C. Stewart, B. Akhavan, S.G. Wise, M.M.M. Bilek, A review of biomimetic surface
functionalization for bone-integrating orthopedic implants: mechanisms, current
approaches, and future directions, Prog. Mater. Sci. 106 (2019) 100588, https://
doi.org/10.1016/J.PMATSCI.2019.100588.

X. Li, P. Gao, P. Wan, Y. Pei, L. Shi, B. Fan, C. Shen, X. Xiao, K. Yang, Z. Guo, Novel
bio-functional magnesium coating on porous Ti6Al4V orthopaedic implants: in
vitro and in vivo study, Sci. Rep. 7 (1 7) (2017) 1-11, https://doi.org/10.1038/
srep40755, 2017.

N. Singh, V. Edachery, M. Rajput, K. Chatterjee, S.V. Kailas, K.G. Prashanth,
Ti6Al7Nb-TiB nanocomposites for ortho-implant applications, J. Mater. Res. 2022
(2022) 1-11, https://doi.org/10.1557/543578-022-00578-2.

M. Geetha, A.K. Singh, R. Asokamani, A.K. Gogia, Ti based biomaterials, the
ultimate choice for orthopaedic implants — a review, Prog. Mater. Sci. 54 (2009)
397-425, https://doi.org/10.1016/j.pmatsci.2008.06.004.

R. Rahmani, M. Antonov, L. Kollo, Y. Holovenko, K.G. Prashanth, Mechanical
behavior of Ti6Al4V scaffolds filled with CaSiO3 for implant applications, Appl.
Sci. 9 (2019) 3844, https://doi.org/10.3390/app9183844.

M. Sarraf, E. Rezvani Ghomi, S. Alipour, S. Ramakrishna, N. Liana Sukiman,

A state-of-the-art review of the fabrication and characteristics of titanium and its
alloys for biomedical applications, Biodes Manuf 5 (2022) 371-395, https://doi.
org/10.1007/s42242-021-00170-3.

H. Attar, S. Ehtemam-Haghighi, N. Soro, D. Kent, M.S. Dargusch, Additive
manufacturing of low-cost porous ti based ¢ for biomedical
applications: advantages, challenges and opinion for future development, J. Alloys
Compd. 827 (2020) 154263, https://doi.org/10.1016/j.jallcom.2020.154263.

H. Attar, K.G. Prashanth, A.K. Chaubey, M. Calin, L.C. Zhang, S. Scudino, J. Eckert,
Comparison of wear properties of commercially pure titanium prepared by
selective laser melting and casting processes, Mater. Lett. 142 (2015) 38-41,
https://doi.org/10.1016/j.matlet.2014.11.156.

H. Attar, M. Calin, L.C. Zhang, S. Scudino, J. Eckert, Manufacture by selective laser
melting and mechanical behavior of commercially pure titanium, Mater. Sci. Eng.,
A 593 (2014) 170-177, https://doi.org/10.1016/j.msea.2013.11.038.

J. Neunzehn, T. Szuwart, H.P. Wiesmann, Eggshells as natural calcium carbonate
source in combination with hyaluronan as beneficial additives for bone graft

[2]

[3

[4

[5]

[6:

[7

[8:

[9.

[10]

10

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Ceramics International xxx (Xxxx) xxx

materials, an in vitro study, Head Face Med. 11 (2015) 1-10, https://doi.org/
10.1186/513005-015-0070-0/FIGURES/7.

S.A. Siddiqui, S.P. Srikanth, Y.S. Wu, T. Kalita, T.G. Ambartsumov, W. Tseng, A.
P. Kumar, A. Ahmad, J.E. Michalek, Different types of algae beneficial for bone
health in animals and in humans — a review, Algal Res. 82 (2024) 103593, https://
doi.org/10.1016/J.ALGAL.2024.103593.

L.-C. Zhang, H. Attar, M. Calin, J. Eckert, Review on manufacture by selective laser
melting and properties of titanium based materials for biomedical applications,
Mater. Technol. 31 (2016) 66-76, https://doi.org/10.1179/
1753555715Y.0000000076.

N. Singh, P. Hameed, R. Ummethala, G. Manivasagam, K.G. Prashanth, J. Eckert,
Selective laser manufacturing of Ti-based alloys and composites: impact of process
parameters, application trends, and future prospects, Mater Today Adv 8 (2020)
100097, https://doi.org/10.1016/j.mtadv.2020.100097.

C.J. Burstone, A.J. Goldberg, Beta titanium: a new orthodontic alloy, Am. J.
Orthod. 77 (1980) 121-132, https://doi.org/10.1016/0002-9416(80)90001-9.
Y.J. Liu, S.J. Li, H.L. Wang, W.T. Hou, Y.L. Hao, R. Yang, T.B. Sercombe, L.

C. Zhang, Microstructure, defects and mechanical behavior of beta-type titanium
porous structures manufactured by electron beam melting and selective laser
melting, Acta Mater. 113 (2016) 56-67, https://doi.org/10.1016/j.
actamat.2016.04.029.

M.A. Lopez-Heredia, E. Goyenvalle, E. Aguado, P. Pilet, C. Leroux, M. Dorget,

P. Weiss, P. Layrolle, Bone growth in rapid prototyped porous titanium implants,
J. Biomed. Mater. Res. 85 (2008) 664-673, https://doi.org/10.1002/jbm.a.31468.
X.P. Tan, Y.J. Tan, C.S.L. Chow, S.B. Tor, W.Y. Yeong, Metallic powder-bed based
3D printing of cellular scaffolds for orthopaedic implants: a state-of-the-art review
on manufacturing, topological design, mechanical properties and biocompatibility,
Mater. Sci. Eng. C 76 (2017) 1328-1343, https://doi.org/10.1016/j.
msec.2017.02.094.

P.K. Gokuldoss, S. Kolla, J. Eckert, Additive manufacturing processes: selective
laser melting, electron beam melting and binder jetting-selection guidelines,
Materials 10 (2017) 672, https://doi.org/10.3390/mal0060672.

K. Prashanth, S. Scudino, R. Chatterjee, O. Salman, J. Eckert, Additive
manufacturing: reproducibility of metallic parts, Technologies 5 (2017) 8, https://
doi.org/10.3390/technologies5010008.

S. Liu, Y.C. Shin, Additive manufacturing of Ti6Al4V alloy: a review, Mater. Des.
164 (2019) 107552, https://doi.org/10.1016/J.MATDES.2018.107552.

P. Hameed, C.-F. Liu, R. Ummethala, N. Singh, H.-H. Huang, G. Manivasagam, K.
G. Prashanth, Biomorphic porous Ti6Al4V gyroid scaffolds for bone implant
applications fabricated by selective laser melting, Progress. Additive Manufact. 6
(2021) 455-469, https://doi.org/10.1007/540964-021-00210-5.

A.A. Raheem, P. Hameed, R. Whenish, R.S. Elsen, A. G, A.K. Jaiswal, K.

G. Prashanth, G. Manivasagam, A review on development of bio-inspired implants
using 3D printing, Biomimetics 6 (2021) 65, https://doi.org/10.3390/
biomimetics6040065.

B. Jagadeesh, M. Duraiselvam, K.G. Prashanth, Deformation behavior of metallic
lattice structures with symmetrical gradients of porosity manufactured by metal
additive manufacturing, Vacuum 211 (2023) 111955, https://doi.org/10.1016/J.
VACUUM.2023.111955.

J. Baskaran, D. Muthukannan, R. Shukla, P. Konda Gokuldoss, Manufacturability
and deformation studies on a novel metallic lattice structure fabricated by Selective
Laser Melting, Vacuum 222 (2024) 113065, https://doi.org/10.1016/j.
vacuum.2024.113065.

H.M.A. Kolken, S.J.P. Callens, M.A. Leeflang, M.J. Mirzaali, A.A. Zadpoor, Merging
strut-based and minimal surface meta-biomaterials: decoupling surface area from
mechanical properties, Addit. Manuf. 52 (2022) 102684, https://doi.org/10.1016/
J.ADDMA.2022.102684.

Y. Tang, G. Dong, Q. Zhou, Y.F. Zhao, Lattice structure design and optimization
with additive manufacturing constraints, IEEE Trans. Autom. Sci. Eng. 15 (2018)
1546-1562, https://doi.org/10.1109/TASE.2017.2685643.

K. Patka, R. Pokrowiecki, Porous titanium implants: a review, Adv. Eng. Mater. 20
(2018) 1700648, https://doi.org/10.1002/adem.201700648.

H. Attar, M.J. Bermingham, S. El Haghighi, A. Dehghan-Manshadi, D. Kent,
M.S. Dargusch, Evaluation of the mechanical and wear properties of titanium
produced by three different additive manufacturing methods for biomedical
application, Mater. Sci. Eng., A 760 (2019) 339-345, https://doi.org/10.1016/J.
MSEA.2019.06.024.

Y.S. Choi, C.L. Kim, G.H. Kim, B.S. Lee, C.W. Lee, D.G. Lee, Mechanical properties
including fatigue of CP Ti and Ti-6Al-4V alloys fabricated by EBM additive
manufacturing method, Appl. Mech. Mater. 873 (2017) 54-59. https://dx.doi.org/
10.4028/www.scientific.net/AMM.873.54.

R. Alkentar, N. Kladovasilakis, D. Tzetzis, T. Mankovits, Effects of pore size
parameters of titanium additively manufactured lattice structures on the
osseointegration process in orthopedic applications: a comprehensive review,
Crystals 13 (2023) 113, https://doi.org/10.3390/cryst13010113.

M. Kumar Yadav, R. Hiren Shukla, K.G. Prashanth, A comprehensive review on
development of waste derived hydroxyapatite (HAp) for tissue engineering
application, Mater. Today: Proc. (2023), https://doi.org/10.1016/j.
matpr.2023.04.669.

M.K. Yadav, V. Pandey, K. Mohanta, V.K. Singh, A low-cost approach to develop
silica doped Tricalcium Phosphate (TCP) scaffold by valorizing animal bone waste
and rice husk for tissue engineering applications, Ceram. Int. 48 (2022)
25335-25345, https://doi.org/10.1016/J.CERAMINT.2022.05.207.

Q. Ma, K. Rubenis, O.E. Sigurjonsson, T. Hildebrand, T. Standal, S. Zemjane,

J. Locs, D. Loca, H.J. Haugen, Eggshell-derived amorphous calcium phosphate:
synthesis, characterization and bio-functions as bone graft materials in novel 3D




R. Shukla et al.

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[501

[51]

[52]

[53]

[54]

[55]

[56]

osteoblastic spheroids model, Smart Mater Med 4 (2023) 522-537, https://doi.
org/10.1016/j.smaim.2023.04.001.

G. Ryan, A. Pandit, D. Apatsidis, Fabrication methods of porous metals for use in
orthopaedic applications, Biomaterials 27 (2006) 2651-2670, https://doi.org/
10.1016/j.biomaterials.2005.12.002.

A. Kumar, K. Biswas, B. Basu, Hydroxyapatite-titanium bulk composites for bone
tissue engineering applications, J. Biomed. Mater. Res. 103 (2015) 791-806,
https://doi.org/10.1002/jbm.a.35198.

J. Vuola, R. Taurio, H. Goransson, S. Asko-Seljavaara, Compressive strength of
calcium carbonate and hydroxyapatite implants after bone-marrow-induced
osteogenesis, Biomaterials 19 (1998) 223-227, https://doi.org/10.1016/50142-
9612(97)00211-1.

J. Gautron, C. Dombre, F. Nau, C. Feidt, L. Guillier, Review: production factors
affecting the quality of chicken table eggs and egg products in Europe, Animal 16
(2022) 100425, https://doi.org/10.1016/J.ANIMAL.2021.100425.

S. Mahdavi, A. Amirsadeghi, A. Jafari, S.V. Niknezhad, S.A. Bencherif, Avian egg: a
multifaceted biomaterial for tissue engineering, Ind. Eng. Chem. Res. 60 (2021)
17348-17364, https://doi.org/10.1021/acs.iecr.1c03085.

M.T. Hincke, Y. Nys, J. Gautron, K. Mann, A.B. Rodriguez-Navarro, M.D. Mckee,
The eggshell: structure, composition and mineralization, Front. Biosci. 17 (2012)
1266.

R. Shukla, R. Sokkalingam, K.G. Prashanth, Densification of the eggshell powder by
spark plasma sintering, J. Alloys Compd. 962 (2023) 171079, https://doi.org/
10.1016/j.jallcom.2023.171079.

M.N. Freire, J.N.F. Holanda, Characterization of avian eggshell waste aiming its
use in a ceramic wall tile paste, Ceramica 52 (2006) 240-244, https://doi.org/
10.1590/50366-69132006000400004.

M.S. Tizo, L. Andre, V. Blanco, C.Q. Cagas, B. Rangel, B. Dela Cruz, J.C. Encoy, J. V
Gunting, R.O. Arazo, V. Irvin, F. Mabayo, Efficiency of calcium carbonate from
eggshells as an adsorbent for cadmium removal in aqueous solution, Original
Research Article (2018), https://doi.org/10.1016/j.serj.2018.09.002.

A.M. Nassar, N.F. Alotaibi, Eggshell recycling for fabrication of Pd@CaO,
characterization and high-performance solar photocatalytic activity, Environ. Sci.
Pollut. Control Ser. 28 (2021) 3515-3523, https://doi.org/10.1007/511356-020-
10751-X/FIGURES/11.

A. Homavand, D.E. Cree, L.D. Wilson, Polylactic acid composites reinforced with
eggshell/CaCO3 filler particles: a review, Waste 2 (2024) 169-185, https://doi.
org/10.3390/waste2020010.

A. Kumar, T.J. Webster, K. Biswas, B. Basu, Flow cytometry analysis of human fetal
osteoblast fate processes on spark plasma sintered hydroxyapatite-titanium
biocomposites, J. Biomed. Mater. Res. 101 (2013) 2925-2938, https://doi.org/
10.1002/jbm.a.34603.

C. Chu, X. Xue, J. Zhu, Z. Yin, In vivo study on biocompatibility and bonding
strength of Ti/Ti-20 vol.% HA/Ti-40 vol.% HA functionally graded biomaterial
with bone tissues in the rabbit, Mater. Sci. Eng., A 429 (2006) 18-24, https://doi.
org/10.1016/J.MSEA.2006.03.099.

D. Acharjee, S. Mandal, S.K. Samanta, M. Roy, B. Kundu, S. Roy, P. Basak, S.

K. Nandi, In vitro and in vivo bone regeneration assessment of titanium-doped
waste eggshell-derived hydroxyapatite in the animal model, ACS Biomater. Sci.
Eng. 9 (2023) 4673-4685, https://doi.org/10.1021/
ACSBIOMATERIALS.3C00060/ASSET/IMAGES/MEDIUM/AB3C00060_0013.GIF.
M.A. Hussein, M.A. Azeem, A.M. Kumar, N.M. Emara, Processing and in vitro
corrosion analysis of sustainable and economical eggshell reinforced Mg and Mg-Zr
matrix composite for biomedical applications, Mater. Today Commun. 32 (2022)
103944, https://doi.org/10.1016/J.MTCOMM.2022.103944.

H. Aoyagi, M. Okada, H. Yanagimoto, T. Matsumoto, Investigation on bacterial
capture and antibacterial properties of acid-treated Ti surface, Dent. Mater. 40
(2024) 318-326, https://doi.org/10.1016/J.DENTAL.2023.11.018.

C. Song, Y. Chen, L. Liu, H. Lei, X. Yang, J. Hu, Q. Li, Y. Yang, Y. Li, In situ alloying
Ti-Ag antibacterial biomaterials via laser powder bed fusion: microstructure,
mechanical properties and bioperformance, Mater Today Adv 20 (2023) 100445,
https://doi.org/10.1016/J.MTADV.2023.100445.

1. Ul Hag, T.A. Khan, K. Krukiewicz, Etiology, pathology, and host-impaired
immunity in medical implant-associated infections, J Infect Public Health 17
(2024) 189-203, https://doi.org/10.1016/J.JIPH.2023.11.024.

S. Nilawar, K. Chatterjee, Surface decoration of redox-modulating nanoceria on 3D-
printed tissue scaffolds promotes stem cell osteogenesis and attenuates bacterial
colonization, Biomacromolecules 23 (2022) 226-239, https://doi.org/10.1021/
acs.biomac.1¢01235.

X. Li, C. Wang, W. Zhang, Y. Li, Fabrication and characterization of porous Ti6Al4V
parts for biomedical applications using electron beam melting process, Mater. Lett.
63 (2009) 403-405, https://doi.org/10.1016/j.matlet.2008.10.065.

S.Y. Choy, C.N. Sun, K.F. Leong, J. Wei, Compressive properties of Ti-6Al-4V lattice
structures fabricated by selective laser melting: design, orientation and density,
Addit. Manuf. 16 (2017) 213-224, https://doi.org/10.1016/J.
ADDMA.2017.06.012.

S. Van Bael, Y.C. Chai, S. Truscello, M. Moesen, G. Kerckhofs, H. Van Oosterwyck,
J.-P. Kruth, J. Schrooten, The effect of pore geometry on the in vitro biological
behavior of human periosteum-derived cells seeded on selective laser-melted
Ti6Al4V bone scaffolds, Acta Biomater. 8 (2012) 2824-2834, https://doi.org/
10.1016/j.actbio.2012.04.001.

A. du Plessis, 1. Yadroitsava, 1. Yadroitsev, Ti6Al4V lightweight lattice structures
manufactured by laser powder bed fusion for load-bearing applications, Opt Laser.

11

[571

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[771

[78]

Ceramics International xxx (Xxxx) xxx

Technol. 108 (2018) 521-528, https://doi.org/10.1016/J.
OPTLASTEC.2018.07.050.

P. Sun, Z.Z. Fang, Y. Zhang, Y. Xia, Review of the methods for production of
spherical Ti and Ti alloy powder, JOM 69 (2017) 1853-1860, https://doi.org/
10.1007/s11837-017-2513-5.

D. Gu, Y.-C. Hagedorn, W. Meiners, G. Meng, R.J.S. Batista, K. Wissenbach,

R. Poprawe, Densification behavior, microstructure evolution, and wear
performance of selective laser melting processed commercially pure titanium, Acta
Mater. 60 (2012) 3849-3860, https://doi.org/10.1016/j.actamat.2012.04.006.

J. Yang, H. Yu, J. Yin, M. Gao, Z. Wang, X. Zeng, Formation and control of
martensite in Ti-6Al-4V alloy produced by selective laser melting, Mater. Des. 108
(2016) 308-318, https://doi.org/10.1016/J.MATDES.2016.06.117.

S.C. Onwubu, S. Mhlungu, P.S. Mdluli, In vitro evaluation of nanohydroxyapatite
synthesized from eggshell waste in occluding dentin tubules, J. Appl. Biomater.
Funct. Mater. 17 (2019) 228080001985176, https://doi.org/10.1177/
2280800019851764.

R. Chang, S. Kim, S. Lee, S. Choi, M. Kim, Y. Park, Calcium carbonate precipitation
for CO2 storage and utilization: a review of the carbonate crystallization and
polymorphism, Front. Energy Res. 5 (2017), https://doi.org/10.3389/
fenrg.2017.00017.

M.E. Hoque, M. Shehryar, K.M.N. Islam, Processing and characterization of cockle
shell calcium carbonate (CaCO3) bioceramic for potential application in bone
tissue engineering, J. Mater. Sci. Eng. 2 (2013) 4, https://doi.org/10.4172/2169-
0022.1000132.

R. Rahmani, N. Kamboj, M. Brojan, M. Antonov, K. Gokuldoss Prashanth, Hybrid
metal-ceramic biomaterials fabricated through powder bed fusion and powder
metallurgy for improved impact resistance of craniofacial implants, Materialia
(Oxf) 24 (2022) 101465, https://doi.org/10.1016/j.mtla.2022.101465.

L. Liu, P. Kamm, F. Garcia-Moreno, J. Banhart, D. Pasini, Elastic and failure
response of imperfect three-dimensional metallic lattices: the role of geometric
defects induced by Selective Laser Melting, J. Mech. Phys. Solid. 107 (2017)
160-184, https://doi.org/10.1016/j.jmps.2017.07.003.

Z. Wang, M. Xie, Y. Li, W. Zhang, C. Yang, L. Kollo, J. Eckert, K.G. Prashanth,
Premature failure of an additively manufactured material, NPG Asia Mater. 12
(2020) 1-10, https://doi.org/10.1038/541427-020-0212-0.

G. Wang, H. Ouyang, C. Fan, Q. Guo, Z. Li, W. Yan, Z. Li, The origin of high-density
dislocations in additively manufactured metals, Mater Res Lett 8 (2020) 283-290,
https://doi.org/10.1080/21663831.2020.1751739.

C. Zhao, Z. Wang, D. Li, L. Kollo, Z. Luo, W. Zhang, K.G. Prashanth, Cu-Ni-Sn alloy
fabricated by melt spinning and selective laser melting: a comparative study on the
microstructure and formation kinetics, J. Mater. Res. Technol. 9 (2020)
13097-13105, https://doi.org/10.1016/j.jmrt.2020.09.047.

X. Huang, S. Ding, L. Lang, S. Gong, Compressive response of selective laser-melted
lattice structures with different strut sizes based on theoretical, numerical and
experimental approaches, Rapid Prototyp. J. 29 (2023) 209-217, https://doi.org/
10.1108/RPJ-12-2021-0339.

J. Pelleg, Deformation in ceramics, in: Mechanical Properties of Ceramics, first ed.,
Springer, Cham, Switzerland, 2014, pp. 281-350, https://doi.org/10.1007/978-3-
319-04492-7 4.

K.G. Prashanth, S. Scudino, M.S. Khoshkhoo, K.B. Surreddi, M. Stoica, G. Vaughan,
J. Eckert, Structural and mechanical characterization of
Zr58.5Ti8.2Cul4.2Ni11.4A17.7 bulk metallic glass, Materials 5 (2012) 1-11,
https://doi.org/10.3390/ma5010001.

X. Wang, S. Xu, S. Zhou, W. Xu, M. Leary, P. Choong, M. Qian, M. Brandt, Y.M. Xie,
Topological design and additive manufacturing of porous metals for bone scaffolds
and orthopaedic implants: a review, Biomaterials 83 (2016) 127-141, https://doi.
0rg/10.1016/J.BIOMATERIALS.2016.01.012.

S. Baghersad, L.Y.C. Madruga, A.F. Martins, K.C. Popat, M.J. Kipper, Expanding the
scope of an amphoteric condensed tannin, tanfloc, for antibacterial coatings,

J. Funct. Biomater. 14 (2023) 554, https://doi.org/10.3390/jfb14110554

J.S. Lee, S.J. Lee, S. Bin Yang, D. Lee, H. Nah, D.N. Heo, H.-J. Moon, Y.-S. Hwang,
R.L. Reis, J.-H. Moon, L.K. Kwon, Facile preparation of mussel-inspired antibiotic-
decorated titanium surfaces with enhanced antibacterial activity for implant
applications, Appl. Surf. Sci. 496 (2019) 143675, https://doi.org/10.1016/].
apsusc.2019.143675.

L.Y.C. Madruga, R.M. Sabino, E.C.G. Santos, K.C. Popat, R. de C. Balaban, M.

J. Kipper, Carboxymethyl-kappa-carrageenan: a study of biocompatibility,
antioxidant and antibacterial activities, Int. J. Biol. Macromol. 152 (2020)
483-491, https://doi.org/10.1016/J.1IJBIOMAC.2020.02.274.

K.J. Thomas, C.V. Rice, Revised model of calcium and magnesium binding to the
bacterial cell wall, Biometals 27 (2014) 1361-1370, https://doi.org/10.1007/
510534-014-9797-5.

A. Nostro, L. Cellini, M. Di Giulio, M. D’Arrigo, A. Marino, A.R. Blanco,

A. Favaloro, G. Cutroneo, G. Bisignano, Effect of alkaline pH on staphylococcal
biofilm formation, APMIS 120 (2012) 733-742, https://doi.org/10.1111/j.1600-
0463.2012.02900.x.

S.K. Shukla, T.S. Rao, Effect of calcium on Staphylococcus aureus biofilm
architecture: a confocal laser scanning microscopic study, Colloids Surf. B
Biointerfaces 103 (2013) 448-454, https://doi.org/10.1016/j.
colsurfb.2012.11.003.

J. Tan, D. Wang, H. Cao, Y. Qiao, H. Zhu, X. Liu, Effect of local alkaline
microenvironment on the behaviors of bacteria and osteogenic cells, ACS Appl.
Mater. Interfaces 10 (2018) 42018-42029, https://doi.org/10.1021/
acsami.8b15724.



Curriculum vitae

Personal data
Name:
Date of birth:
Place of birth:
Citizenship:

Contact data
E-mail:

Education
2021-2024
2017-2019

2013-2017
2008-2013
Language competence
English:
Hindi:
Gujarati:
Research Visits

1.05.2023-04.09.2023
24.10.2022-28.10.2022

15.09.2022-30.09.2022

Research Experience
July 2021 — Present

June 2018 — November 2019

July 2016 — April 2017

Extra-curricular work
2024

June 2024

Public Outreach

Riddhi Hirenkumar Shukla
21/08/1996

India

Indian

riddhishukla2108@gmail.com

Tallinn University of Technology, PhD

Master’s of Engineering (Metallurgical and Materials
Engineering)

Bachelor of Engineering (Metallurgy Engineering)
High school

Fluent
Fluent
Mother Tongue

Colorado State University, Fort Collins, Colorado, USA
Esslingen University, Germany (Blended Intensive
Program)

Dalarna University, Sweden

Early-stage researcher — Additive Manufacturing &
Powder Metallurgy, Tallinn University of Technology
(TalTech), Estonia

Master’s Project — Powder Metallurgy, Institute for
Plasma Research, Gandhinagar, India

Intern — Metallurgical Engineering, National
Metallurgical Laboratory, Jamshedpur, India

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/
Participated in EuroTeQ Collider at Ecole
Polytechnique, Paris

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

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

e Useless eggshells could be used to make artificial joints
https://novaator.err.ee/1609483741/kasututest-munakoortest-saaks-teha-tehisliigeseid

124


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

Elulookirjeldus

Isikuandmed
Nimi:
Slnniaeg:
Stinnikoht:
Kodakondsus:

Kontaktandmed
E-post:

Hariduskaik
2021-2024
2017-2019

2013-2017
2008-2013

Keelteoskus
Inglise keel:
Hindi keel:
GudZzarati keel:

Uurimiskilastused
1.05.2023-04.09.2023
24.10.2022-28.10.2022

15.09.2022-30.09.2022

Uurimiskogemus
juuli 2021 — praegu

juuni 2018 — november 2019

juuli 2016 — aprill 2017

Oppekavaviline t66
2024

juuni 2024

Uhiskondlik panus

Riddhi Hirenkumar Shukla
21/08/1996

India

India

riddhishukla2108@gmail.com

Tallinn University of Technology, PhD

Master’s of Engineering (Metallurgical and Materials
Engineering)

Bachelor’s of Engineering (Metallurgy Engineering)
High school

korgtase
ladus
emakeel

Colorado osariigi tllikool, Fort Collins, Colorado, USA
Esslingeni dlikool, Saksamaa (segatud intensiiv-
programm)

Dalarna Ulikool, Rootsi

Varajases staadiumis uurija — lisaainete tootmine,
Tallinna Tehnikadlikool (TalTech), Eesti
Magistriprojekt — pulbermetallurgia, Plasmauuringute
instituut, Gandhinagar, India

Intern — metallurgiatehnika, Riiklik metallurgialabor,
Jamshedpur, India

16. mail 2024 TalTechis (Tallinna Tehnikaulikool, Eesti
Doktorikool) toimunud doktoridppe konverentsil
2024. aasta teine posterettekanne teemal “Minu
paev doktorandina, materjaliinseneri elu”
https://www.doktorikool.ee/et/karjaarikonverents/
Osalesin EuroTeQ Collideris Ecole Polytechnique’is
Pariisis

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

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

e Useless eggshells could be used to make artificial joints
https://novaator.err.ee/1609483741/kasututest-munakoortest-saaks-teha-

tehisliigeseid

125


mailto:riddhishukla2108@gmail.com
https://www.doktorikool.ee/et/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
https://novaator.err.ee/1609483741/kasututest-munakoortest-saaks-teha-tehisliigeseid

ISSN 2585-6901 (PDF)
ISBN 978-9916-80-256-4 (PDF)



	TALLINN UNIVERSITY OF TECHNOLOGYDOCTORAL THESIS10/2025
	Development of Ti-Eggshell Composite for Bio-Implants Applications
	RIDDHI HIRENKUMAR SHUKLA
	TALLINN UNIVERSITY OF TECHNOLOGY
	Department of Mechanical and Industrial Engineering
	This dissertation was accepted for the defence of the degree 13/01/2025 
	Prof. Prashanth Konda Gokuldoss
	Supervisor:
	Department of Mechanical and Industrial Engineering
	Tallinn University of TechnologyTallinn, Estonia
	Prof. Jürgen Eckert
	Opponents:
	Erich Schmid Institute of Materials Science
	Austrian Academy of Sciences
	Leoben, Austria
	Prof Geethapriyan ThangamaniDepartment of Applied Science and Technology  Politecnico di Torino
	Torino, Italy
	Defines of the thesis: 21/02/2025, Tallinn
	Declaration:
	Hereby I declare that this doctoral thesis, my original investigation and achievement, submitted for the doctoral degree at Tallinn University of Technology has not been submitted for a doctoral or equivalent academic degree.
	_______________________________________
	Riddhi Shukla
	signature
	/
	Copyright: Riddhi Hirenkumar Shukla, 2025
	ISSN 2585-6898 (publication)
	ISBN 978-9916-80-255-7 (publication)
	ISSN 2585-6901 (PDF)
	ISBN 978-9916-80-256-4 (PDF)
	DOI  
	TALLINNA TEHNIKAÜLIKOOLDOKTORITÖÖ10/2025
	Ti-munakoore komposiidi väljatöötamine bioimplantaatide rakenduste jaoks 
	RIDDHI HIRENKUMAR SHUKLA
	/
	Contents
	List of publications 9
	Author’s contribution to the publications 10
	Introduction 11
	Abbreviations 13
	Terms 14
	Symbols 15
	1 Literature review 16
	1.1 Additive Manufacturing 16
	1.1.1 Selective laser melting / Laser powder bed fusion 16
	1.1.2 Metallic bioimplants 21
	1.1.3 Lattice designs for orthopedic bone implant applications 24
	1.2 Chicken eggshell and ceramics for bioimplants 25
	1.3 Fabrication of bio-ceramics by SPS 26
	1.4 Problem statement and hypothesis of the research 28
	1.5 Objectives 29
	2 Experimental details 30
	2.1 Fabrication of Ti6Al4V and CP-Ti by LPBF 30
	2.2 Fabrication of eggshell and Ti-eggshell composite by SPS 30
	2.3 Structural characterization of the samples 31
	2.4 Microstructural characterization of the samples 31
	2.5 Mechanical testing of the samples 31
	2.6 Cytotoxicity and bacterial study of the Ti-eggshell composites 32
	3 Fabrication of Ti6Al4V Specimens by LPBF 34
	3.1 Characterization of the feedstock Ti6Al4V powder 34
	3.2 Characterization of Ti6Al4V fabricated by LPBF 34
	3.3 Mechanical testing of LPBF Ti6Al4V samples 36
	3.4 Summary 40
	4 Fabrication of CP-Ti by LPBF process 41
	4.1 Characterization of the feedstock CP-Ti powder 41
	4.2 Characterization of CP-Ti produced by LPBF 42
	4.3 Mechanical testing of CP-Ti produced by LPBF 43
	4.4 Summary 47
	5 Eggshell densification by SPS 49
	5.1 Feedstock characterization of eggshell powder 49
	5.2 SPS of eggshell powder 50
	5.3 Characterization of eggshell compacts 54
	5.4 Summary 58
	6 Fabrication of eggshell-based composite 59
	6.1 Microarchitecture of CP-Ti lattice 59
	6.2 Characterization of the Ti-eggshell composite 60
	6.3 Cytotoxicity and bacterial study of the Ti-eggshell composite 65
	6.4 Summary 68
	7 Conclusion and outlook of the thesis 69
	7.1 Conclusions 69
	7.2 Outlook of the thesis 69
	List of figures 71
	List of tables 74
	References 75
	Acknowledgments 87
	Abstract 88
	Lühikokkuvõte 89
	Appendix 91
	Curriculum vitae 124
	Elulookirjeldus 125
	List of publications
	The list of author’s publications, on the basis of which the thesis has been prepared:
	I Kumar Yadav, M., Hiren Shukla, R., & Prashanth, K. G. (2023). A comprehensive review on development of waste derived hydroxyapatite (HAp) for tissue engineering application. Materials Today: Proceedings. https://doi.org/10.1016/j.matpr.2023.04.669
	II Shukla, R., Suckling, R., & Prashanth, K. G. (2023). Densification of the eggshell powder by spark plasma sintering. Journal of Alloys and Compounds, 962, 171079. https://doi.org/10.1016/j.jallcom.2023.171079
	III Shukla, R., Yadav, M. K., Madruga, L. Y. C., Jaymani, J., Popat, K., Wang, Z., Xi, L., & Prashanth, K. G. (2024). A novel Ti-eggshell-based composite fabricated by combined additive manufacturing-powder metallurgical routes as bioimplants. Ceramics International. https://doi.org/10.1016/j.ceramint.2024.12.073
	Other publications
	IV Shukla, R.; Prashanth, K.G. (2022). Ti6Al4V Coating on 316L Substrate by Laser-based Fusion Process. Transactions of the Indian Institute of Metals. DOI: 10.1007/s12666-022-02748-6
	V Baskaran, J.; Muthukannan, D.; Shukla, R.; Konda Gokuldoss, P. (2024). Manufacturability and deformation studies on a novel metallic lattice structure fabricated by Selective Laser Melting. Vacuum, 222, #113065. DOI: 10.1016/j.vacuum.2024.113065
	VI Yadav, M.K., Shukla, R., Xi, L., Wang, Z., Konda Gokuldoss, P. (2025). Metallic multimaterials fabricated by combining additive manufacturing and powder metallurgy (under review in Journal of composite science)
	Author’s Contribution to the Publications
	Contribution to the papers in this thesis are:
	I Co-author. Partially drafting- Original manuscript, Formal analysis, Reviewing, Editing.
	II First author. Investigation, Methodology, Formal analysis, Manuscript formation.
	III First author. Conceptualization, Experiments, Investigation, Methodology, and Manuscript formation.
	Introduction
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	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. 
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	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
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	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.
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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.
	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).
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	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.
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	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.
	7 Conclusion and outlook of the thesis
	7.1 Conclusions
	7.2 Outlook of the thesis

	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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