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Abstract 

This thesis presents a study on microstructural, biomechanical, and in vitro studies of Ti-Nb-

Zr alloys fabricated by powder metallurgy with the space holder technique. This work aims to 

fabricate Ti-xNb (x:10, 20, and 30; at.%), Ti-20Zr (at.%) and Ti-xNb-10Zr (x: 10, and 20; at.%) 

alloys with different porosities used as a load-bearing implant that can mimic bone structure. 

 

Microstructural analysis was performed by using various methods including scanning electron 

microscopy, energy dispersive spectroscopy, electron backscatter diffraction and X-ray 

diffraction. Corrosion performance was assessed via electrochemical polarisation tests, while 

mechanical behaviour was determined by uniaxial compressive tests. In vitro studies such as 

cell viability and proliferation, adhesion potential, and genotoxicity were examined by 

performing MTT assay, scanning electron microscopy, fibronectin adsorption, and plasmid-

DNA interaction assay. 

 

Results revealed that the alloys could be divided into low and highly porous categories, with 

porosities ranging from 21% to 29% and 43% to 58%, respectively. The alloys exhibited 

irregularly shaped open pores with a uniform pore size distribution, allowing for cell ingrowth. 

 

Adding a space holder effectively adjusted the porosity characteristics of the alloys achieved. 

As foreseen, porosities dramatically diminished the mechanical performance of the alloys. The 

ultimate compressive strengths ranged from 618 MPa to 1376 MPa for low porous alloys and 

from 48 MPa to 356 MPa for highly porous alloys. Moreover, potentiodynamic polarisation 

revealed that the alloys had passivation behaviour, protecting against corrosion attacks in 

Hank’s Balanced Salt Solution. 

 

Ti-xNb and Ti-xNb-10Zr alloys contained hcp α-Ti and bcc β-Ti phases with primary niobium 

phase, while Ti-20Zr alloys exhibited hcp α-Ti and distorted hcp αʹ-Ti phase structures. 

 

Biological evaluations of the alloys studied met the biocompatibility criteria required for 

orthopaedic biomaterial use. Microscopic examination of L929 and Saos-2 cell lines increased 

cell adherence and proliferation at a high density due to migration of the pores. 
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Chapter 1. Introduction 

1.1 Background 

Materials science is a multidisciplinary field that deals with the study of materials and their 

structures, properties, and behaviour under different conditions (Omran, 2020). It 

encompasses various branches of science such as physics, chemistry, and engineering to 

understand and develop new materials that can be used in various applications. Material 

science and biomaterials are interconnected areas of research (Zahir et al., 2022). In the 

beginning stage of biomaterials, the materials employed as biomaterials were standardly well-

defined. However, biomaterials derived from materials employed in the manufacture of human 

medical or dental implants were not specifically designed for human applications. In addition, 

the histological examination was initially defined in animal models such as rabbits, rats, and 

hamsters. At that point, it was quite difficult to find alternatives to the current material options 

used in implantology. However, advanced in vitro studies provided opportunities for the 

development and production of new types of biomaterials. With this method, histological 

examinations of materials used as biomaterials can be performed much more practically and 

inexpensively compared to in vivo (González‐Gualda et al., 2021). 

 

Various material groups can be used as biomaterials fabricated from metal, polymer, and 

ceramic materials. Ease of fabrication, relatively low cost, and combination with superior 

mechanical performance have given metals a key role in implantology. In this regard, various 

metallic biomaterials such as titanium-based alloys, cobalt-chromium alloys, and stainless 

steel have been developed by scientists. Although titanium-based alloys have higher costs 

and more complex production processes compared to the above-mentioned material groups, 

they are widely used as biomaterial owing to their lower density, superior chemical stability 

and more acceptable mechanical performance and thus have been dominating the metallic 

biomaterials market. Ti-6Al-4V or Ti-6Al-7Nb alloys are the most preferred titanium-based 

alloys in hip and knee implants (nearly 60%) (Zahir et al., 2022). The key alloying elements 

aluminium and vanadium in the alloy may cause adverse influences in clinical practice. 

Vanadium ions released from Ti-6A-4V alloy may change the kinetics of the enzyme activity 

related to inflammatory responses. Aluminium may also lead to Alzheimer's disease through 

long-term implantation. This toxic issue must be addressed with the development of aluminium 

and vanadium-free titanium-based alloys. This is one of the motivations for the present work. 

 

Ti-Nb-Zr alloys have recently been a focal point of interest in the development of advanced 

titanium-based implants. Both niobium and zirconium are biocompatible and their addition to 

titanium allows the control of both phase constituents and microstructures, and therefore 

mechanical properties (Mishchenko et al., 2020). In particular, β stabiliser niobium has been 
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used for promoting the formation of the ductile β phase (Lin et al., 2019). Titanium alloys with 

a certain β phase have generally been preferred in implantology since they exhibit lower elastic 

modulus, more acceptable mechanical strength, and better biocompatibility than α titanium 

alloys. Zirconium is a neutral or weak β stabiliser when individually alloyed to titanium matrix. 

Its addition is mainly for improving strength, fracture toughness and wear resistance (Wu et 

al., 2022). In the Ti-Nb-Zr system to be developed in this study, the alloying element 

concentrations were designed to produce desired microstructures with both α and β phases. 

Powder metallurgy with space holder technique was considered the best manufacturing 

technology for producing titanium alloys with controlled porosity and was therefore selected in 

this thesis. (Angelo et al., 2022). 

 

A biomechanical mismatch between the host bone and the orthopaedic biomaterial is a core 

issue of concern (Goncalves et al., 2020). The majority of metallic biomaterials may exhibit 

much higher mechanical performance than natural bone. Such a condition may lead to a 

reduction in bone mineral density or bone resorption over time, which is a known stress-

shielding issue. This may increase healing time and even result in implant failure (Matuła et 

al., 2020). Using porous implant materials can be advantageous for implantology since their 

mechanical properties better match those of bone and thus can minimise the stress-shielding 

issue. Therefore, there is a delicate balance between the porosity and mechanical 

performances of the orthopaedic biomaterial. 

 

One motivation for the introduction of pores into orthopaedic biomaterial is to generate a 

porous structure by mimicking the structure of human bone (Du et al., 2022). Titanium-based 

alloys with macro and micro pores can enhance the integration with human tissue when 

implanted. Some researchers have revealed that a porous structure can facilitate capturing 

the cellulose and increase the osseointegration features since it provides an adequate site for 

tissue healing, bone ingrowth, and blood and nutrient transport (Ha et al., 2022). 

 

Biomaterials can be employed in various fields such as dental implants, drug delivery and 

surgery tool and load-bearing implants. One of the fastest-growing markets in biomaterial 

fields is orthopaedic biomaterials (load-bearing implants); its annual growth rate over the last 

ten years has been in the range of 7% to 15% (Industry Experts Inc., 2022). However, 

orthopaedic biomaterials may not efficiently meet the requirements of the patient. The 

commercial orthopaedic biomaterials on the market may have serious health implications. 

Especially most hip implants currently employed are insufficient in terms of mechanical 

performance, biocompatibility, and corrosion resistance. Therefore, it is essential to produce 

new-developed orthopaedic biomaterials with superior properties. 
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This work aims to overcome the drawbacks of the above-mentioned problems by producing 

binary and ternary Ti-Nb-Zr alloys with different porosities used as load-bearing implants that 

can mimic bone structure. 

 

1.2. Research Objectives 

The major objectives of this work are to: 

❖ Fabricate stable, vanadium and aluminium-free porous titanium-based alloys used as 

orthopaedic biomaterial that can mimic the human bone. 

❖ Give a detailed description of material properties and methodologies employed in this 

thesis to fabricate porous binary and ternary Ti-Nb-Zr alloys, and in vitro procedures. 

❖ Study the role of niobium and zirconium found in titanium matrix. 

❖ Examine the effect of general porosity on the microstructure and mechanical performance 

of the alloys produced by powder metallurgy combined with the space holder technique. 

❖ Present and analyse the data collated from in vitro studies of the alloys, including cell 

viability and proliferation, adhesion potential, and genotoxicity. 

❖ Understand the relationship between general porosity achieved and cell viability of the 

alloys. 

❖ Make recommendations for future research in this field. 

 

1.3 Outline of Thesis 

After a sincere acknowledgement and an introduction of the research background, the 

previous literature is reviewed in Chapter 2 with a detailed overview of the previous theoretical 

studies on biomaterials, including the definition of the biomaterial, biomaterial concepts, and 

classification of biomaterials and problems with biomaterials, including bone structure. Also in 

Chapter 2, titanium and its alloys used as orthopaedic biomaterial are summarised and powder 

metallurgy combined with the space holder technique is reviewed. Chapter 3 describes the 

experimental procedures used and characterisation techniques in detail. In Chapter 4, the 

results of the material characterisations of Ti-Nb-Zr alloys achieved in this work are presented 

with microstructure observation of optical microscopy (OM), scanning electron microscopy 

(SEM), and energy dispersive spectroscopy (EDS), electron backscatter diffraction (EBSD) 

and phase identification (XRD). In Chapter 5, the role of general porosity and microstructure 

on mechanical properties (i.e., ultimate compressive strength, yield strength and elastic 

modulus) is presented, including orientation relationships between general porosity and stress 

of the alloys achieved. Chapter 6 covers the role of general porosity and composition in 

potentiodynamic polarisation analysis. In vitro studies such as cell viability and proliferation, 

adhesion potential, and genotoxicity were examined by performing MTT (3-[4,5-
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dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay, fibronectin adsorption, and 

plasmid-DNA interaction assay are presented in Chapter 7. The main conclusions and 

suggestions for future work are listed in Chapter 8. 
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Chapter 2. Literature Review 

2.1. Biomaterial 

2.1.1. Definition of Biomaterial 

The most accepted definition of a biomaterial is material designed to replace partially or fully 

the function of damaged or lost tissues, bones, or organs (Zhang and Williams, 2019). The 

primary characteristics of biomaterial are superior corrosion resistance, non-toxicity, and good 

biocompatibility. Biomaterials should not only be considered as implants or prostheses but can 

also be widely used in medical devices such as mechanical organs (extracorporeal devices) 

and diagnostic kits (Hudecki et al., 2019). An X-ray image of a modern implant is given in Fig. 

2.1 (Manam et al., 2017). 

 

 

Figure 2.1. (a) knee implant: (b) ankle implant (Manam et al., 2017). 

 

Biomaterials can be divided into three major groups based on the tissue's response or 

interaction: bioactive, bioinert, and bioresorbable. 

 

Bioinert biomaterial can be defined as biomaterial that can establish a poor bond with the 

tissue without changing the structure of living tissue (see Fig. 2.2.). This type of biomaterial 

has minimal interaction with tissue when implanted. In this regard, the tissue tends to form a 

filamentous or fibrous capsule at the implantation site due to its contact with the biomaterial. 

The thickness of the fibrous capsule is based on the degree of bioinertness of the biomaterial 

used. At this point, the fibrous capsule may inhibit the biomaterial from interacting with the 

tissue. Therefore, better results can be achieved when the surface of bioinert biomaterial is 

coated with a film that can establish an active bond with the tissue. Some examples of bioinert 

biomaterials are titanium-based alloys, alumina (Al2O3), zirconia (ZrO2) and polyethylene (PE) 

(Anas et al., 2023). 
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Bioactive biomaterial can be defined as biomaterial that can establish a strong bond with 

surrounding tissue such as skin, blood vessels and cartilage (see Fig. 2.2.) (Wang et al., 

2023). Such biomaterials have high biological activity; thus, they can completely interact with 

the surrounding tissue. They can generate a biochemical bond with the tissue when implanted, 

which promotes the tissue adhering to the biomaterial surface; thus, integration between the 

bioactive biomaterial and tissue will be enhanced. For this reason, they can be generally used 

as a film for many types of biomaterials to improve the interaction between tissue and 

biomaterial (Anas et al., 2023). The most well-known example of bioactive biomaterial is 

hydroxyapatite. It is a synthetic mineral compound with a similar chemical composition to the 

mineral component of bone tissue. However, the structure and function of bone are far more 

complex due to the presence of living cells and collagen fibers, making bone a dynamic and 

adaptable tissue in the body. Its composition is almost the same as the composition of human 

bone, as seen in Fig. 2.3. 

 

 

Figure. 2.2. Interaction of bioinert and bioactive biomaterials with the surrounding tissue (Anas 

et al., 2023). 

 

 

Figure 2.3. (a) human bone appearance: (b) hydroxyapatite appearance (Wang et al., 2023). 

 

Bioresorbable biomaterial can be defined as biomaterial that can be degraded and slowly 

replaced by tissue. Bioresorbable biomaterial should not lead to toxic or allergic effects in the 

human body after degradation. Thus, this type of biomaterial implanted in the body becomes 

indistinguishable from tissue over time. At this point, the interface between tissue and 

bioresorbable biomaterial is a dynamic structure because it is at the highest level compared 
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to other types of biomaterials (Li et al., 2014). Some examples of bioresorbable biomaterials 

are tricalcium phosphate (Ca3(PO4)2), polylactic acid ((C3H4O2)n), calcium phosphate salts and 

some bioglasses (Adamovic et al., 2018; Agrawal et al., 2023). 

 

2.1.2. Biocompatibility 

The term ‘biocompatibility’ is used to describe the biological performance of a biomaterial after 

surgery, but there is still great uncertainty about how the mechanism works. Biocompatibility 

is not a static phenomenon; it is dynamic. Biocompatibility is strongly dependent upon the 

corrosion resistance and chemical stability of the biomaterial and other factors not controlled 

by the surgeon such as the patient's health and age. Before surgery, the biomaterial should 

be comprehensively analysed in cell cultures (in vitro) or animal models (in vivo) to understand 

its functionality (see Table 2.1.). Biological rejection of the biomaterial implanted into the body 

may cause an inflammatory response at the implantation site, and it may then need to be 

removed from the body. In this regard, most research has been conducted on developing the 

biocompatibility mechanism (Hernandez and Woodrow; 2022). 

 

Table 2.1. Different types of tests used to evaluate biocompatibility (Moharamzadeh et al., 

2009). 

 

 

In vitro 

 

Membrane permeability test 

Dentin barrier tests 

Cytotoxicity test 

Agar overlay method 

 

In vivo 

 

Mucous membrane irritation test 

Implantation tests 

Skin sensitisation 

 

Researchers often use a combination of in vitro and in vivo experiments to gain a 

comprehensive understanding of biological processes. In vitro studies are valuable for 

preliminary investigations and for understanding specific cellular or molecular mechanisms, 

while in vivo studies are essential for assessing the impact of treatments, interventions, or 

conditions on living organisms. Together, these approaches contribute to our knowledge of 

biology, medicine, and various scientific fields (Hernandez and Woodrow; 2022). 
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2.1.2.1. Biocompatibility In Vivo 

In vivo biocompatibility refers to testing the biomaterial in a living body (animal model). Various 

test animals such as rats, hamsters and rabbits can be used for this test. The biomaterial 

implanted into the living body is removed after a certain period so the biocompatibility of the 

biomaterial with the surrounding tissues can be analysed experimentally. Histological and 

biological examinations of the tissue samples taken from the implantation site of the living 

body can give information about the biocompatibility of the biomaterial (Jensen and Figure, 

2009). 

 

2.1.2.2. Biocompatibility In Vitro 

Biocompatibility in vitro is to simulate biological reactions of the biomaterial; thus, it offers 

cheaper ways to evaluate biocompatibility. The biomaterial can be analysed in a medium 

where cell cultures containing living body cells, viruses or bacteria are artificially grown. This 

type of test can be performed without any barrier between the biomaterial and the cells, or it 

can be applied indirectly with a small barrier. In the cell culture, some tissues such as bone, 

kidney, lung, tumour, or amniotic membranes of various living creatures such as humans, rats 

and rabbits initially disintegrate into cells. These cells are suspended in nutritious liquids 

containing various salts, amino acids, and vitamins in a sterilised tube. As this cell suspension 

is kept at 36 ºC, cells adhere to the wall of the container or tube and cellular division occurs. 

This structure, which is formed as a result of cell reproduction, is called a cell culture (Franca 

et al., 2022). At this point, the biocompatibility in vitro is analysed by the cell growth rate, cell 

survival rate, cellular metabolic functions, or other cellular functions. 

 

This type of test is relatively simple to perform and involves fewer complications compared to 

in vivo animal models. Therefore, it can be widely used to determine the biocompatibility of 

the biomaterial (Wu et al., 2022). 

 

2.1.3. Biomechanical Concepts 

Force: Pushing or pulling upon a body is known as force. Force is a vectorial magnitude; thus, 

it has direction. The unit of the force is newton (N) in the SI. 

 

There are two main types of forces: contact and non-contact. Some examples of contact forces 

are muscular and frictional forces, while examples of non-contact forces are magnetic, 

gravitational, and electrostatic forces (Sakaguchi and Powers, 2012). 

 

Stress: Stress is defined as force per unit area. The magnitude of the stress is associated with 

the quantity of the force applied and the area. When the force is applied to deform the body, 
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the same magnitude of internal stress is generated within the body, but in the opposite 

direction. The stress unit is the pascal (Pa = N/m2). 1 MPa = 106 Pa. Stress is formulated in 

Eq. (2.1.) (Sakaguchi and Powers, 2012). 

 

σ = F/A                                                                                                                    (2.1.) 

σ: Stress (N/m2) 

F: Force (N) 

A: Area (m2) 

 

Stresses are divided into three major categories: compressive stress, tensile stress, and shear 

stress. Tensile stress and/or compressive stress can occur when force is applied but in the 

opposite direction. Shear stress can be caused by the force applied but parallel to the cross-

section of the body. The schematic view of the internal stresses is shown in Fig. 2.4. 

(Sakaguchi and Powers, 2012). 

 

 

Figure 2.4. (a) tensile stress; (b) compressive stress; (c) shear stress (Sakaguchi and Powers, 

2012). 

 

Some studies on biomedical applications show that the most damaging types of stress to 

human bone are shear stress and tensile stress. In contrast, human bone is more resistant to 

compressive stress. In this regard, the compressive strength of human bone is 30% higher 

than its tensile strength since bone contains a lot of pores. These pores adversely affect the 

tensile strength properties as they do not bear the load. In addition, compressive stress has a 

positive influence on bone-biomaterial interface formation. 

 

Strain: Strain is a dimensional alteration in the body when force is applied (see Fig. 2.5.). 

Strain and stress are different magnitudes. As mentioned previously, stress is a force with 

vectorial magnitude and direction and its unit is the pascal (Pa), but strain has no units (Tüfekci 

et al., 2023). Strain is formulated in Eq. (2.2.). 
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ε = ΔL/L0                                                                                                                                                                                                   (2.2.) 

ε: Strain 

ΔL: Changes in dimension (mm) 

L0: Original dimension (mm) 

 

 

Figure 2.5. Strain (Sweeney, 2006). 

 

According to the direction of the load applied to the body, the three major types of strain are 

longitudinal/tensile strain, volume strain and shearing strain. If the force deforming the body 

alone produces an alteration in length, the strain is called longitudinal strain or tensile strain. 

If the force deforming the body alone produces an alteration in volume, the strain is called 

volume strain. If the force deforming the body alone produces an alteration in the angle tilt, 

the strain is called shearing strain. 

 

Elasticity: In a solid body, molecules and atoms can fully regain their original dimension thanks 

to intermolecular forces after the removal of the force, which is called elasticity. Elasticity is a 

reversible mechanism, as illustrated in Fig. 2.6. 

 

 

Figure 2.6. Elasticity (Sweeney, 2006). 
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Plasticity: In a solid body, molecules and atoms do not fully regain their original dimension 

after the removal of the force. In other words, a permanent alteration in the shape or size of 

the body occurs. If the stress applied exceeds the resultant force per unit area, energy or 

gravitational force can reach a point where atoms are completely separated. A rupture 

happens at this point. 

 

Stress-strain curve: This gives the mechanical values used to define material performances 

such as yield strength, elastic limit, ultimate tensile strength, fracture strength, elasticity 

modulus and elongation (see Fig. 2.7.). 

 

 

Figure 2.7. Stress-strain curve (Sweeney, 2006). 

 

Young’s modulus (elastic modulus): This is a mechanical property that indicates the rigidity or 

stiffness of a solid material, which explains the correlation between stress (force per unit area) 

and strain (dimensional change). When the elastic modulus of solid material increases, the 

stiffness of the material also increases (Sakaguchi and Powers, 2012). Young’s modulus unit 

is the same as the unit of stress, called the pascal. 

 

Hooke’s law: The elongations occurring in the material are related to the stress within the 

elastic limits when the force is applied to the material (see Fig. 2.8.). In 1678, Hooke 

introduced the simple linear relationship between force and elongation. Based on Hooke's law, 

the total elongation of the material is formulated in Eq. (2.3.). 
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∆L= 𝐹. 𝐿𝑜
𝐴. 𝐸⁄                                                                                                                   (2.3.) 

F: force (N) 

A: Area (mm2) 

ΔL: Change in dimension (mm) 

L0: Original length (mm) 

E: Elastic modulus or Young’s modulus (Pa) 

 

 

Figure 2.8. Hooke's law (Sweeney, 2006). 

 

Poisson's ratio: When a solid material is stretched out in one direction, it will be thinner in the 

lateral direction; if it is compressed, it tends to get thicker (see Fig. 2.9.). For most materials, 

the Poisson's ratio is in the range between 0 and 0.5 (Sakaguchi and Powers, 2012). Poisson’s 

ratio is formulated in Eq. (2.4.). 

 

V= - 
ɛ𝑙𝑎𝑡𝑒𝑟𝑎𝑙

ɛ𝑎𝑥𝑖𝑎𝑙
⁄                                                                                                         (2.4.) 

V: Poisson's ratio 

ε lateral: Transverse strain 

εaxial: Longitudinal or axial strain 

 



13 
 

 

Figure 2.9. Poisson’s ratio (Sweeney, 2006). 

 

Isotropy and anisotropy: Material with the same mechanical, physical, thermal, and electrical 

properties in three principal axes (x, y, z) is called isotropic material. In other words, the 

mechanical properties or other properties do not change depending on the lattice directions. 

In contrast, material with different mechanical, physical, thermal, and electrical properties in 

three principal axes (x, y, z) is called anisotropic material. Some researchers have stated that 

human bone tissue has anisotropic features. Understanding the anisotropic nature of human 

bone tissue is crucial for designing implants that can mimic the mechanical properties of 

natural bone. Anisotropic materials have different properties (such as strength and stiffness) 

in different directions. Implants need to be designed with these variations in mind to ensure 

they can bear loads and function effectively (Zhu et al., 2022). 

 

2.1.4. Classification of Biomaterials 

Biomaterials can be classified into four major groups by the type of material used: metal, 

ceramic, polymer, and composite. Orthopaedic (hard tissue) biomaterials are generally made 

from metal or ceramic materials while surgical tools are manufactured from metal or polymer. 

In addition, metal-ceramic or polymer-metal composite biomaterials are employed in various 

biomedical applications (Dikici, 2016). 

 

Ceramic biomaterials: Ceramic materials are oxides, nitrides, sulphides, and carbides of 

metals (e.g., Al2O3, ZrO2) (Subedi, 2013). They can contain ionic, covalent, or partially metallic 

bonds (Kljajević et al., 2011). In general, ceramic materials have high melting points, 

outstanding corrosion resistance, high compressive strength, low thermal/electrical 

conductivity, and low tensile/shearing stress (Kükürtcü, 2008). Thanks to these 

characteristics, they are a potential biomaterial candidate. 
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Bio-ceramic or ceramic biomaterials are designed to bond with tissue/bone and have emerged 

as an alternative to metallic biomaterials (Pina et al., 2018). However, ceramic biomaterials 

exhibit a much more fragile and harder structure than human bone (Kaur and Singh, 2019). 

They also have lower fracture toughness compared to human bone (Jazayeri et al., 2018). 

Ceramic biomaterials should have superior biocompatibility, good chemical stability, non-

oxidation property and poor degradability and they should not lead to allergic (i.e., toxic, 

teratogenic, or carcinogenic) reactions in the body when implanted. They are widely employed 

in dental and bone-related applications (Anusavice et al., 2012). Today, some synthetic 

ceramic biomaterials such as zirconia, alumina and titania can be used in different biomedical 

fields such as calcified tissues, coatings, medical sensors, dentistry, and orthopaedics 

(Danewalia and Singh, 2021). The use of ceramic biomaterials also opens a new horizon for 

soft tissue repair and regeneration (Kargozar et al., 2020). Ceramic biomaterials can display 

some benefits over metallic biomaterials such as lower density and relatively low cost. 

However, they have some drawbacks such as poor sinterability, machinability and ductility, 

which may limit their use in biomedical applications. 

 

Polymeric biomaterials: Polymers have large molecules composed of long and repeated 

subunits (chains), called monomers, made from carbon, oxygen, and hydrogen atoms. 

Therefore, the mechanical and chemical properties of polymers can be determined by 

monomers. 

 

Polymeric biomaterials (biopolymers) are materials specially designed for use in biomedical 

applications. Polymeric biomaterials can be produced to have different chemical and physical 

properties allowing them to be used in different specific applications such as cosmetic 

cosmetology and food. The unique flexibility and low density of polymeric biomaterials have 

great benefits in tissue engineering and biomaterial applications, which make them superior 

to other types of biomaterials (Ijaola et al., 2022). Additionally, polymeric biomaterials can be 

easily manufactured in different forms such as film, sheet, and fibre. However, the use of 

polymeric biomaterials is partly restricted in orthopaedic applications since they exhibit much 

lower mechanical properties compared to ceramic and metallic biomaterials (Li et al., 2014). 

Some examples of polymeric biomaterials are polyethylene, ultra-high-molecular-weight 

polyethylene and polymethyl methacrylate (see Fig. 2.10.). Polymethyl methacrylate can be 

used in the production of contact lenses due to its light transmittance. 
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Polymeric biomaterials are divided into two major groups by their origins: natural and synthetic 

(Xia et al., 2022). Examples of natural biopolymers are cellulose, natural rubber, and DNA 

(genetic material) while examples of synthetic biopolymers are polyethylene, polyurethane, 

polytetraoroethylene, polyacetal, polymethyl methacrylate, polyethylenetraftalate, polysulfide, 

polylactic acid, ultra-high-molecular-weight polyethylene and polyglycolic acid (Yetim, 2009). 

 

 

Figure 2.10. Chemical structures of polymeric biomaterials: 1) polyethylene, 2) ultra-high-

molecular-weight polyethylene, 3) polymethyl methacrylate (Seal et al., 2001). 

 

Composite biomaterials: In general, a composite is a ‘material with multiphase’. On a 

microscopic or macroscopic size scale, it is composed of two or more distinct constituent 

materials with different chemical properties. The purpose of using this material is to obtain 

materials with superior properties (Babu et al., 2022). One of the components of composite 

material is called the matrix; the other is known as reinforcement, which mechanically supports 

the matrix (Tiwary et al., 2022). The matrix and reinforcement components can be separated 

from each other by an interface. Since composite material may contain different chemical 

structures, the structure of composite material is more complicated compared to that of metal, 

polymer, or ceramic materials. 

 

Composite biomaterials have superior properties compared to other types of biomaterial 

groups. The properties of composite biomaterials can be modified. It is possible to produce 

hard, lightweight materials and flexible composite biomaterials. All constituents of the 

composite materials used in biomaterial applications must be biocompatible and the interface 

between the matrix and reinforcement should not be degraded into the body when implanted. 

Dental filling composites and bone cement are examples of composite biomaterials (see Fig. 

2.11.) (Bronzino and Peterson, 2014). 
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Figure 2.11. A dental implant made from composite biomaterial (Myer, 2003). 

 

Metallic biomaterials: Metal is the most significant material class used in engineering designs 

(Dos Santos, 2015). Metal is quite strong and deformable, which explains its widespread use 

in engineering applications. Metal is known as ‘pure metal’ while metal mixtures made from 

two or more metals are called alloys. Alloys are not considered composite materials. The 

common characteristic properties of metals are high density and high conductivity. Today, 

there are various metal groups, and each metal type has its own characteristics. For example, 

aluminium and its alloys have ductile properties, while cast iron exhibits hard and fragile 

structures. Metals and their alloys can be classified into two major groups: ferrous and 

nonferrous. The former is based on iron and its alloys such as stainless steel and cast iron. 

The latter consists of other metallic elements and their alloys such as titanium and its alloy 

and cobalt-chrome alloys. Metals are generally not found pure in the crust except for noble 

metals. Further, the use of pure metal is not preferred in engineering design and biomedical 

applications owing to low corrosion resistance and insufficient mechanic properties. For this 

reason, most metals can be alloyed by other alloyant elements to improve corrosion 

resistance, mechanical properties, and other properties (Callister and Rethwisch, 2011). 

 

Like other types of biomaterials such as polymer, ceramic and composite biomaterial, a 

metallic biomaterial (bio-metal) should be biocompatible. The biocompatibility of the metallic 

biomaterial is related to its corrosion properties in vivo (Niinomi, 2002). Metallic biomaterials 

are especially employed in hard tissue applications such as hip joint and knee joint prostheses 

and dental implants due to their good machinability and their acceptable mechanical 

performance. Vanadium steel is the first bio-metal developed as a biomaterial. However, 

today, the most widely used metallic biomaterials are titanium and its alloys, stainless steel, 

cobalt-chromium alloys, and miscellaneous others such as tantalum or gold (Bronzino, 2000). 
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Steel is an alloy of iron with a carbon content that may range from 0.03% to 2% of its 

composition. It may also contain chromium, nickel, aluminium, cobalt, manganese, 

molybdenum, silicon and other alloyant elements, depending on its grade. If the quantity of 

total alloyant elements is less than 1%, it is called plain carbon steel. If it is more than 1%, it 

is called alloy steel (Callister and Rethwisch, 2011). 

 

Stainless steel can be used in many industrial applications such as surgical instruments, 

automotive and construction products, refrigerators and washing machines, cargo ships, and 

biomedical applications (Seetharaman, 2005). Stainless steel generally contains 10.5% 

chromium and 8% nickel content, including carbon and other elements. Two stainless steel 

groups are used in biomedical fields: 316 and 316L stainless steels. The only difference 

between them is carbon concentration. The 316 is a numerical definition indicating that the 

alloy is in the austenitic stainless-steel class, while L is a sign that it has a low carbon content 

(C <0.003) (Niinomi, 2002). These groups of stainless steel are not appropriate to heat 

treatment, but they can be hardened by cold working. Also, they are not magnetic and have 

outstanding corrosion resistance. However, 316 and 316L stainless steel may corrode when 

exposed to tissue and the body. Additionally, previous studies have shown that these stainless 

steel groups may cause allergic reactions in the body when implanted due to the nickel content 

in their chemical compositions. To eliminate the allergic effect of nickel, the new research trend 

is to develop nickel-free stainless steel for use in biomedical applications (Chen and Thouas, 

2015). Some biomaterials made from stainless steel are shown in Fig. 2.12 (Elden, 2016). 

 

 

Figure 2.12. Implant materials made from stainless steel (a: bone fracture plate; b: cardiac 

stent) (Elden, 2016). 

 

Cobalt-chrome alloys are divided into two categories: CoCrMo and CoNiCrMo alloys. Castable 

CoCrMo alloys can be used in dental applications while wrought CoNiCrMo alloys are 

designed for manufacturing the stems of prostheses. Molybdenum is added to obtain finer 
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grains, thus providing higher strength properties. In addition, when CoNiCrMo alloys can be 

heat treated, the strengths of these alloys can be enhanced. 

 

Cobalt-chromium alloys exhibit good toughness, high specific strength properties and good 

biocompatibility. Further, they have superior mechanical performance since they contain 

precipitation of carbides and multiphase structure. Such conditions can enhance the stiffness 

of cobalt-chrome alloys significantly. The hardness values of cobalt-chrome alloys are in the 

range of 550 HV and 800 HV, and their tensile strength values vary between 145 MPa and 

270 MPa. Cobalt-chromium alloys exhibit better wear resistance than stainless steel and 

titanium and its alloys (Park and Kim, 2014). Some biomaterials made from cobalt-chromium 

alloys are illustrated in Fig. 2.13. (Sahoo et al., 2019). 

 

 

Figure 2.13. Femoral component made from cobalt-chromium alloys (Brandt et al., 2013). 

 

Titanium and its alloys can be widely used in implantable devices due to good corrosion 

resistance, acceptable mechanical performance, and excellent biocompatibility (Banerjee and 

Williams, 2013). The most common titanium-based alloy used as a biomaterial is Ti-6Al-4V. 

This type of alloy has about the same fatigue strength (550MPa) as the cobalt-chromium 

alloys. Titanium has an allotropic transformation; it exhibits a hexagonal close-packed 

structure (hcp, α-Ti) up to 882oC, while above that temperature, it has a body-centred cubic 

structure (bcc, β-Tι). The phase constituent of the titanium-based alloys can be significantly 

altered by the addition of alloyant elements, which may play a crucial role in the mechanical 

properties of titanium-based alloys because the mechanical properties of the α-Ti and β-Ti 

type phases are different from each other (Pushp et al., 2022). β-Ti type alloys are more ductile 

than α-Ti type alloys since β-Ti type titanium alloys with body-centred cubic crystal structures 

have more slip planes than α-type titanium alloys, which have hexagonal close-packed crystal 

structures. β-Ti type alloys, therefore, are generally preferred in implant applications (Liu et 

al., 2013). In conclusion, alloying titanium with other alloyant elements is strategically 
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important to enhance mechanical performance and other properties (Liu et al., 2017; Darvell, 

2018). Titanium and its alloys are discussed extensively in Chapter 2.2. 

 

2.1.5. Problems with Commercial Orthopaedic Biomaterials 

Orthopaedic biomaterials, one of the largest markets in the world, have many drawbacks such 

as limited lifetime, high price, and insufficient mechanical performance. Limited lifetime: 

orthopaedic biomaterials have a finite lifespan within the body. They may wear off or degrade 

over time due to factors such as mechanical stresses, corrosion, and inflammatory responses. 

High price: orthopaedic biomaterials, particularly advanced and biocompatible materials, can 

be expensive to manufacture and utilize. The development and production of high-quality 

biomaterials often require specialized processes and materials, which can contribute to their 

high cost.  Insufficient mechanical performance: orthopaedic biomaterials must meet 

mechanical and structural requirements to withstand the forces and stresses within the human 

body when implanted. Some biomaterials may not possess the necessary mechanical 

properties, leading to issues such as implant failure, loosening, or fractures. These drawbacks 

can necessitate further surgeries. It's important to note that despite these drawbacks, 

orthopaedic biomaterials have significantly improved the quality of life for many individuals. 

Advances in materials science and biomedical engineering are continually addressing these 

issues, striving to develop biomaterials with longer lifespans, better mechanical performance, 

and more cost-effective solutions. Additionally, latest research aims to enhance the integration 

of these materials with the human body, minimize adverse reactions, and reduce the need for 

further revisions.  

 

The 10-year clinical success rate of titanium implants is reported to be up to 99%. Additionally, 

91% of all implants remain after 15 years, demonstrating their long-term durability (Nicholson, 

2020). This may be less, depending on the patient's age and other conditions. In general, hip 

and knee problems start from the age of 40. The average age in Europe is 76.4 for men and 

82.5 for women, which indicates that the service life of the total joint replacement is much 

shorter than the human lifespan (Willett et al., 2017). Only one revision surgery helps to 

provide the desired limb functionality. In contrast, further revision surgeries may significantly 

limit the patient's functionality due to the removal of some bone fragments (see Fig. 2.14.). 

Therefore, the service life of the orthopaedic biomaterial is of great importance to increase the 

life of the orthopaedic biomaterial. 
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Figure 2.14. A revision surgery (Adamczyk and Opiela 2004). 

 

Another problem is the biocompatibility features of orthopaedic biomaterial, as many cases of 

allergies and infections have been reported in the last few years. When orthopaedic 

biomaterial is implanted, a variety of biological and chemical reactions may occur between the 

orthopaedic biomaterial and the tissue. Further, poor biocompatibility levels may lead to the 

formation of thrombosis and fibrous tissue at the implantation site (see Fig. 2.15.) (Williams, 

2008). 

 

 

Figure 2.15. Tissue necrosis and osteolysis (Williams, 2008). 

 

As stated before, titanium and its alloys can generally be used as orthopaedic biomaterials 

due to their superior corrosion resistance, outstanding biocompatibility, and acceptable 

mechanical performance. Orthopaedic biomaterials made from titanium and its alloys are 

exclusive and expensive materials that cost up to €3,000 in Europe and €11,000 in the USA 

(Nytimes, 2010). This amount covers the cost of titanium, alloy production, and risk factor. In 

more detail, the fabrication of titanium is expensive as titanium is melted several times to 

ensure high purity (Madehow, 2022). Therefore, the market price of titanium is €82 per kg, 

while that of titanium sponge is currently €4.6 per kg (Metal pages, 2022). After forging or 

casting at high temperatures, the cost of titanium products can reach between €800 and 

€1,000 per kg (Orthopaedic Network News, 2020). Moreover, secondary processes may be 
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required to obtain the desired shape after production. In conclusion, the failure risk of the 

orthopaedic biomaterials used today is high (see Table 2.2.). 

 

Table 2.2. Advantages and drawbacks of current biomaterials. 

Type of raw 

material 

Advantages Drawbacks Elastic 

modulus 

(Ga) 

Density 

(g/cm3) 

 

Stainless steel 

❖ Good strength 

properties 

❖ Ease of fabrication 

❖ Ease of workability 

❖ High elastic 

modulus 

200 8 

 

Cobalt-

chromium 

❖ Good strength 

properties 

❖ High corrosion 

resistance 

❖ Relative wear 

resistance 

❖ Unknown long-

term effects of 

Co and Cr 

❖ High elastic 

modulus 

230 8.5 

 

Titanium-based 

alloys 

 

❖ Good strength 

properties 

❖ Acceptable 

mechanical properties 

❖ Corrosion resistance 

❖ Low wear 

resistance 

106 4.4 

Bone - - 7-30 2 

 

Today, there are some regulatory requirements for for implantable materials to show their 

safety and effectiveness before surgery. Implant material manufacturers must comply with 

many international standards. These are Premarket Approval (PMA), Investigational Device 

Exemption (IDE) and Quality System (QS). Only medical devices that meet these standards 

find a place in the implant market (Morrison, et al., 2015). 

 

2.1.5.1. Stress-Shielding Issue 

Biomechanical compatibility, i.e., the matching of mechanical performance such as hardness, 

ultimate compressive strength, and elastic modulus, between the orthopaedic biomaterial and 

the surrounding bone tissue is a fundamental requirement for implantology (Wojnar et al., 

2001; Adamczyk and Opiela, 2004; Málek et al., 2012; Kunčická et al., 2017). The majority of 

the metallic biomaterials such as cobalt-chrome alloys, titanium and its alloys and stainless 
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steel used as load-bearing implants have much greater elastic modulus than natural bone. 

This may result in a reduction in bone mineral density at the implantation site, which is known 

as the stress-shielding effect. It can also be seen radiographically (see Fig. 2.16.) (Sumitomo 

et al., 2008; Kusano et al., 2018). In other words, bone resorption (osteopenia) may occur over 

time due to the removal of typical stress from the bone by an implant (Quan et al., 2009; Raffa 

et al., 2021). The reduction in bone density may cause a periprosthetic osteolysis and aseptic 

loosening. This may increase healing time and even result in implant failure. Therefore, use 

of orthopaedic biomaterials, which have mechanical properties close to natural bone tissue, 

can reduce stress shielding and bone resorption. Therefore, the mechanical performance of 

the orthopaedic biomaterial should be analysed comprehensively before surgery (Li et al., 

2014). In conclusion, the stress-shielding effect may have clinical consequences (Engh Jr et 

al., 2003). 

 

 

Figure. 2.16. Schematic image of healthy vs osteoporotic bone (Kusano et al., 2018). 

 

Based on the literature, there is a relationship between porosity and stress shielding effect. 

Accordingly, porous orthopaedic biomaterials can reduce the stress shielding effect 

phenomenon, and the reduction in bone density. Optimal pore size and structure can provide 

better stress shielding relief by lowering mechanical properties of the orthopaedic biomaterial, 

which reduce the bio-mechanical mismatch between bone and orthopaedic biomaterial as the 

lower stiffness can reduce the non-uniform stress distribution. 

 

Osseointegration phenomena are generated by stress that a bone is exposed to through the 

bone-implant interface. Non-uniform load distribution between the orthopaedic biomaterial and 

the bone may also cause osseointegration phenomena. The bone structure is aligned along 

the principal local loading direction, which means that the stress applied is considered a local 

regulator (Couto et al., 2023). The level of osseointegration phenomena is determined by the 

roughness of the implant surface (see Fig. 2.17.). Further, many biomechanical factors affect 

the distribution of stress between the orthopaedic biomaterial and the bone (interfacial stress); 
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these are implant geometry, density, mechanical performance, and bone-tissue interaction 

(Orr et al., 2006). All these interrelated properties have vital importance for the development 

of implant stability (Götz et al., 2004). After surgery, there are two types of orthopaedic 

biomaterial stability: primary and long-term stability. The former is the bone or tissue newly 

formed around the implantation site (bone-implant interface) (Abrahamsson et al., 2004; 

Berglundh et al., 2007). The latter is also known as secondary stability and refers to stability 

after healing over time (Albrektsson and Johansson, 2001). 

 

 

Figure 2.17. The geometrical configuration of the bone-implant interface (a: macroscopic 

appearance b: mesoscopic appearance c: microscopic appearance) (Orr et al., 2006). 

 

On the other hand, the selection of orthopaedic biomaterial is related to clinical requirements, 

material performance and fabrication cost. Recently, orthopaedic biomaterials with a porous 

structure, which is beneficial to bone ingrowth and other life activities, have been clinically 

employed, but clinic failure of short-term or long-term implants still is difficult to predict. The 

porous structure of the implant material can also help in adjusting mechanical properties like 

elastic modulus, hardness, and ultimate compressive strength according to the human bone 

that is under stress, allowing the remodelling and osseointegration of the bone at the 

implantation site. Thus, mechanical compatibility, which is an inevitable requirement for the 

load-bearing implant material, can be ensured. There is a delicate balance between the 

porosity within the implant and the mechanical performances of the implant material. 

Regarding this, the most significant aspects are pore characteristics such as distribution, 

morphology and control of porosity (Wen et al., 2002). Consequently, the risk of the stress-

shielding effect phenomena can be minimised by adjusting optimal porosity within implant 
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material (Thouas, 2015). Also, design of the orthopaedic biomaterial plays a crucial role on 

the risk of stress shielding effect. The surface roughness, bone-implant contact ratio, 

properties of material used should be optimized. These strategies can reduce the risk of stress 

shielding effect and promote bone ingrowth around the implant. 

 

2.1.5.2. Wear Debris Effect 

Another problem relevant to the orthopaedic biomaterial is the release of metal ions 

(shavings). However, the release of metal shavings from the orthopaedic biomaterials into the 

tissue can be minimised if orthopaedic biomaterials with good wear resistance are employed 

in the moving part of the implant where the friction is higher. The metal surfaces of the moving 

implant parts in contact with the bone create high friction. Therefore, the wear resistance of 

the orthopaedic biomaterial is essential for long-term implant success. If its wear resistance is 

too low, wear debris released from the orthopaedic biomaterial may form at the implantation 

site and then migrate to surrounding tissue. Such a case may cause toxic or allergic reactions 

in the body (see Fig. 2.18.) (Hallab et al., 2005; Sargeant and Goswami, 2006). Therefore, 

wear debris is a significant determinant of the biocompatibility of the orthopaedic biomaterial. 

Today, various coating techniques can be employed to enhance the surface quality of the 

orthopaedic biomaterial. 

 

 

Figure 2.18. Wear debris effect (Geetha et al., 2009). 

 

Wear debris characteristics like size, volume fraction and composition are related to the 

biological reactivity of the orthopaedic biomaterial (Yang et al., 2002). Phagocytised particles 

ranging from 0.1 µm to 10 µm are the most biologically reactive. Compared to large particles, 

particles with an average size of <1 μm may lead to more severe inflammatory at the interface 

between the implant and bone/tissue (Vermes et al., 2000). Such inflammatory reactions 

forming on the implantation site may cause aseptic loosening. Many studies have revealed 
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that 75% of implant failures are mainly due to loosening from aseptic osteolysis. Some studies 

have examined the effect of wear debris released from orthopaedic biomaterials such as 

cobalt, titanium, chromium and stainless steel, alumina (Al2O3) and zirconia (ZrO2) by using 

SEM. The size and shape of particle debris have quite a high risk of causing inflammation for 

osteoblasts (Stratton-Powell et al., 2016; Gibon et al., 2017; Klinder et al., 2018; Connors et 

al., 2022). Typically, some wear products can be short-chain alkaline and some metal ions, 

which may generate an additional toxic or allergic effect at the implantation site (Bazhin et al., 

2010; Magone et al., 2015; Jonitz-Heincke et al., 2017). For instance, Ti-6Al-4V is the most 

popular titanium alloy used as an orthopaedic biomaterial; it is called Grade V titanium-based 

alloy. V2O5 oxide film forming on the surface of Ti-6Al-4V alloy may generate a toxic effect in 

the human body when implanted (Gao et al., 2011). Also, aluminium ions released from Ti-

6Al-4V alloy may lead to some health problems such as Alzheimer's disease, neuropathy and 

osteomalacia (Nag et al., 2005; Ou et al., 2017). 

 

Some cell types like dendritic cells, synovial fibroblasts, osteoblasts, and osteoclasts play a 

role in the formation of osteolysis at the implantation site although chronic inflammatory 

reactions resulting from the wear debris of the implant are mediated by macrophages (Limmer 

and Wirtz, 2017; Li et al., 2018). During wear debris, proinflammatory mediators are released 

by macrophages. In this regard, particle debris interacts with the osteoblast through 

phagocytic and non-phagocytic mechanisms. Such cases may induce the differentiation, 

multiplication, and recruitment of osteoclast precursors, ultimately resulting in bone resorption. 

Further, wear debris inhibits osteoblast functions, which may have adverse effects on cell 

proliferation. Thus, understanding the biological response of osteoblasts to wear debris is 

critical for bone resorption. 

 

2.1.6. The Human Bone  

Natural bone can be divided into two main groups according to its structure: compact (cortical) 

and cancellous (trabecular or spongy). The typical structure of the bone is shown in Fig. 2.19. 

 

Compact (cortical) bone: This is the external layer of the bone structure, which has a dense, 

strong, durable structure. It helps to strengthen the bone and preserves cancellous tissue 

underneath. 

 

Cancellous (trabecular or spongy) bone: This is found in the inner layer of the bone structure. 

It exhibits a less dense and lighter structure compared to cortical bone tissue because its 

structure possesses more porosity. Its main function is to give flexibility to the bone. It also 
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serves as a shock absorber in case of trauma. It also plays an important role in reducing the 

weight of the skeletal system due to its lighter structure (Biologydictionary, 2021). 

 

 

Figure 2.19. The typical structure of the natural bone (Biologydictionary, 2021). 

 

The bone tissue should be analysed comprehensively before the surgery. Human bone is a 

solid living tissue whose structure consists of 70% inorganic substances and 30% organic 

substances. The inorganic substances contain calcium and phosphate salts, while the organic 

substances comprise collagen, hydroxyapatite, and fibres. There are four types of cells in 

bone tissue: osteoblasts, osteocytes, osteoprogenitor cells, and osteoclasts (see Fig.2.20.). 

 

 

Figure 2.20. Cell types of bone tissue (Biology dictionary, 2021). 

 

Human bones have multifunctional structures providing support, protection, and mobility to 

body. They also play crucial roles in blood cell production, mineral storage, and various other 

cellular activities. Implant materials can be manufactured to mimic bone properties and provide 

support or replacement when natural bone is damaged or loss its functionality (Demirel, 2012). 
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Advantages of natural bone in implantology (Shamsoddin et al., 2019): 

❖ Natural bone can grow and integrate with the implant over time, which results in a fully 

integration at implantation area. 

❖ Natural bone can remodel itself according to load exposure. 

❖ Implant materials can tightly make a bond with natural bone. 

 

Disadvantages of natural bone in implantology (Shamsoddin et al., 2019): 

❖ Natural bone may not desired quantity or quality for surgery, which depends on the 

patient's health status, gender, or age. In this case, bone grafting may be needed. 

❖ During surgery, infection and other complications may occur. 

 

2.1.6.1. Mechanical Properties of Bone 

The mechanical performance of the cortical bone is much greater than that of cancellous 

(trabecular) bone. For instance, the elastic modulus of the cortical bone is in the range 

between 3 GPa and 30 GPa, while that of the trabecular bone is between 0.02 GPa and 3 GPa 

(see Fig. 2.21.). Mechanical properties of the bone are dependent upon the chemical (organic 

or inorganic content) structure, density, porosity fraction, distribution of porosity and shape of 

the bone. 

 

Cortical bone is about ten times more flexible and three times lighter than stainless steel. A 

comparison of some mechanical properties such as elastic modulus and tensile strength of 

orthopaedic biomaterials with human bone is given in Fig. 2.22. Human bones do not have a 

fully compact; they contain pores of different sizes. The porosity of human bone varies 

between 5% and 95% according to the bone type. As stated before, spongy bone tissue 

exhibits a more porous structure than cortical bone tissue (Yalçın, 2012). 

 

Disruption of the integrity and continuation of the bone is called ‘breaking’. The cause of 

breakage may be external stresses or internal stresses. The healing of a bone fracture can 

take time, depending on the bone type and other factors not controlled by the surgeon such 

as the patient's health and age (Yalçın, 2012). 
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Figure 2.21. Stress-strain graph of cortical and trabecular bones (Yalçın, 2012). 

 

  

 

Figure 2.22. Tensile strength and elastic modulus values of cortical bone, some tissues, and 

orthopaedic biomaterials (Yalçın, 2012). 
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2.2. Titanium 

2.2.1. Titanium Production 

Titanium is the third most widely used metal in the industries after aluminium and iron. 

Titanium ore is the sixth most abundant element in the earth’s crust, at 0.6% (Krebs, 2006). 

Titanium was discovered by Gregor, a mineralogist, in 1791 and was named by Klaproth in 

1795 (Donachie, 2000). Nilson and Petterson were first able to manufacture impure titanium 

in 1887, but in 1919, Hunter produced pure titanium (purity grade: 99%) by extracting it from 

the ores (Bordbar et al., 2017). Based on this process, the extraction of titanium can be begun 

by mixing titanium-dioxide with chlorine and coke, a fuel with a high carbon content, and heat 

treatment is then applied to the titanium-dioxide (rutile; TiO2). The output of this process is 

titanium-tetrachloride (TiCl4) (see Fig. 2.23.). 

 

 

Figure 2.23. Schematic image of Hunter’s process for titanium extraction (Takeda et al., 

2014). 

 

In 1938, William Kroll, a metallurgist, also worked on the reduction of titanium, which is called 

the modern Kroll’s process. This methodology is similar to a process developed by Hunter 

(see Fig. 2.24.). 
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Figure 2.24. Schematic of Kroll’s process for titanium extraction (Elfghi, 2020). 

 

In 1948, several projects on the production of titanium were supported by the US government. 

Titanium became the focus of researchers so that it could be efficiently used in many 

industries. Today, the production of titanium has reached a few million kilograms per year 

(Pushp et al., 2022). The primary mineral sources of titanium are ilmenite (FeTiO3) and rutile 

(TiO2) (see Fig. 2.25.) (Dikici, 2016). Other ores include perovskite, anatase, brookite and 

titanite. 

 

  

Figure 2.25. Primary ores of titanium: rutile and Ilmenite (King, 2015). 

 

The use of titanium metal was exclusive to military applications until its commercialisation. Its 

initial major use field was the aerospace industry, which accounted for about 75% of the total 

amount of titanium manufactured in the USA. However, after 1960, titanium metal started to 

be used in biomedical industries, particularly in implantology. Titanium was also employed in 

other industries, such as paint, automotive, space, cosmetics, and food production (Leyens 

and Peters, 2003). China, Russia and Kazakhstan have important shares in the titanium 

production market (see Fig. 2.26.). The knowledge of the top countries in the production of 



31 
 

titanium metal used in medical devices is essential for implantology in terms of its availability, 

quality, cost, and compliance. 

 

 

Figure 2.26. Top countries in the production of titanium metal (USGS, 2022). 

 

2.2.2. Physical and Chemical Properties of Titanium 

Titanium is found in the fourth period and is one of the transition metals of the periodic table 

(see Fig. 2.27.). The chemical, physical, and mechanical properties of titanium are shown in 

Table 2.3. (Leyens and Peters, 2003). This metal is solid at ambient temperature. Compared 

to other metals such as cobalt, aluminium and iron, titanium can exhibit superior strength 

properties. For instance, titanium is as strong as stainless steel but 45% lighter than stainless 

steel, and titanium is 60% heavier than aluminium but twice as strong. Therefore, its 

lightweight characteristic position makes it a competitive metal in engineering and design 

applications. At this point, it can be considered the best option for biomedical applications. 

 

Moreover, titanium can be manufactured in various product forms such as ingots, rods, sheets, 

and powders by using differing production methodologies (Balazic et al., 2007; Bersuker, 

2010). 

 



32 
 

 

Figure 2.27. Periodic table (USGS, 2022). 

 

Table 2.3. Chemical, physical, and mechanical properties of titanium (Leyens and Peters, 

2003). 

Chemical Properties Physical and Mechanical 

Properties 

Symbol Ti Density (g/cm3) 4.51 

Period and group 4/4B Melting point (ºC) 1668 

Atomic number 22 Boiling point (ºC) 3287 

Atomic mass (g/mol) 47.87 Heat of vaporisation 

(kj/mol) 

421 

Atomic diameter (ºA) 2 Heat capacity (j/g.K) 0.52 

Crystal structure 

under 882 ºC 

Hexagonal 

close-packed 

(HCP) 

Electrical 

conductivity 

(ohm.cm) 

0.0234x10-6 

Crystal structure 

above 882 ºC 

Body-centred 

cubic (BCC) 

Thermal conductivity 

(W/cm.K) 

0.219 

Electron distribution 1S2, 2S2, 2P6, 

3S2, 3P6, 4S2, 

3d2 

Specific heat (J/g.K) 0.520 

 

Crystal structure at 

high pressure 

Hexagonal 

close-packed 

(HCP) 

Tensile strength 

(MPa) 

540-740 

 

Magnetism Antimagnetic Elastic modulus 

(GPa) 

105-110 

 

https://tureng.com/tr/turkce-ingilizce/atomic%20diameter
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Titanium-dioxide (TiO2) is the most well-known impure form of titanium. Fig. 2.28 shows the 

crystal structure of titanium-dioxide. Commercially pure titanium generally contains traces of 

oxygen, iron, carbon, nitrogen, and hydrogen concentrations as titanium tends to react with 

these elements even at room temperature (Brunette, 2001). There are five different isotopes 

of titanium in the earth's crust: 46-Ti, 47-Ti, 48-Ti, 49-Ti and 50-Ti, and the most abundant 

isotope is 48-Ti (Gerdemann, 2001). 

 

 

Figure 2.28. Titanium-dioxide crystal structure (Moses, 2016). 

 

2.2.3. Titanium and Its Alloys 

Various types of materials such as titanium and its alloys, stainless steel, and cobalt-chrome 

alloys used by scientists have biomedical applications. Titanium and its alloys have superior 

properties to the above-mentioned material groups; titanium and its alloys can be widely 

employed in biomedical applications due to their low densities, their acceptable mechanical 

properties, and their outstanding biocompatibilities. Moreover, they are biologically inert and 

can establish a good bond with osteoblasts in the implantation site when implanted. The first 

aim of the present thesis is to produce newly developed titanium-based alloys to evaluate their 

morphologies and microstructures. In this regard, titanium and its alloys achieved in this study 

are investigated extensively. 
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Titanium and its alloys can have a wide variety of microstructures according to the chemical 

composition and thermal treatments applied (Geetha, at al., 2009). Thus, titanium and its 

alloys are generally categorised according to phase constituents found in the titanium matrix; 

these are alpha (α-Ti), alpha + beta (α-Ti + β-Ti) and beta (β-Ti) type alloys. Further, the 

microstructure of commercially pure titanium has a hexagonal closed package (hcp) structure 

known as the α-Ti phase, while above 882°C it has a body-centred cubic (bcc) structure called 

the β-Ti phase, as pure titanium can exhibit an allotropic transformation. The α-Ti phase with 

hcp and the β-Ti phase with bcc structures are shown in Fig. 2.29. (Leyens and Peters, 2003). 

 

 

Figure 2.29. Crystal structures of titanium (Leyens and Peters, 2003). 

 

Alloyant elements such as oxygen, niobium and tin generally have determinant effects on 

controlling the microstructures of titanium and its alloys by changing the α-Ti → β-Ti phase 

transformation temperature of titanium (see Fig. 2.30.). According to this concept, some 

elements affecting the phase structure of titanium-based alloy are given in Table 2.4. (Li et 

al., 2014). Aluminium, nitrogen, oxygen, or carbon stabilises the α-Ti phase, while vanadium, 

molybdenum, niobium, or tantalum makes the β-Ti phase stable in the microstructure 

(Eisenbarth et al., 2004). Some neutral elements do not alter the phase constituent of titanium 

and its alloys. Both phases (α-Ti and β-Ti phases) can be found together in the microstructure 

of titanium-based alloys according to their chemical composition and the thermal treatment 

applied. 
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Figure 2.30. The α-Ti and the β-Ti solvus line changes (Leyens and Peters, 2003). 

 

Table 2.4. The α-Ti and β-Ti stabilisers (Leyens and Peters, 2003). 

Phase structure Elements 

α-Ti stabilisers aluminium, oxygen, nitrogen, 

boron, gallium, germanium 

β-Ti stabilisers niobium, tantalum, 

molybdenum, vanadium, 

magnesium, wolfram, iron, 

chrome, cobalt, nickel, 

manganese, copper 

Neutral elements zirconium, tin, silicon 

 

2.2.3.1. Alpha (α-Ti) Type Alloys 

The α-Ti phase stabiliser elements in the titanium matrix generally cause an increase in the 

α-Ti/β-Ti transition temperature, which inhibits the formation of the β-Ti phase in the 

microstructure (Leyens and Peters, 2003). Based on the literature, two α-Ti type alloys are 

available: super α-Ti type and near α-Ti type alloys. In the microstructures of the super α-Ti 

type titanium alloys, only α-Ti stabiliser elements can be found; thus, their microstructures 

have only the α-Ti phase. In contrast, the near α-Ti type alloys contain a large amount of the 

α-Ti stabiliser elements with a small amount of the β-Ti stabiliser elements (<2% wt), and their 

microstructures can exhibit a large volume fraction of the α-Ti phase with a small volume 

fraction of retained or transformed the β-Ti phase distributed between α-Ti grains. 

 

The α-Ti phase stabilisers such as aluminium and carbon, nitrogen and oxygen elements are 

generally found in IIIA and IVA group metals of the periodic table. The strength mechanism 

for the α-type alloys is based on solid-solution hardening, grain size refinement, and work 

hardening. Here, the tensile strengths of the α-Ti type alloys can be increased from 350 MPa 

to 500 MPa with the help of work hardening done by extrusion. The tensile strength of the α-

Ti type alloys can be improved from 35 MPa to 70 MPa with the help of solid-solution 
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hardening. For solid-solution mechanisms, only aluminium can be used commercially as an 

α-Ti phase stabiliser to improve the tensile strength; thus, it is the major alloyant element to 

obtain the α-Ti phase in the microstructure. Additionally, the light weight or density of 

aluminium is especially beneficial for biomedical applications. However, when the aluminium 

content exceeds 8%wt in the titanium matrix, stress corrosion cracking may occur. Therefore, 

the alloying of aluminium to titanium matrix is limited to avoid this problem. Influences of 

aluminium concentration on the strength changes and elongation behaviours of the α-type 

alloys are given in Fig. 2.31. (Majumdar and Manna, 2015). 

 

 

Figure 2.31. The effect of aluminium concentration on the strength changes and elongation 

behaviours of the α-Ti type alloys (Majumdar and Manna, 2015). 

 

The α-type alloys are non-heat treatable but exhibit good weldability. In addition, they have 

good creep strength and oxidation resistance at elevated temperatures (between 588 K and 

811 K); thus, they can be widely used in high-temperature applications such as rocket 

propulsion systems and gas turbine engines. Moreover, the α-type alloys with hcp structure 

exhibit higher elastic modulus, lower ductility, and better fracture toughness compared to the 

β-type titanium alloys with bcc structure (Balazic et al., 2007). Due to these properties, the α-

type alloys can also be employed in dental implants. The most well-known α-type alloy is Ti-

5Al-2.5Sn. 

 

2.2.3.2. Beta (β-Ti) Type Alloys 

The β-Ti type alloys contain the β-Ti phase stabilisers in their microstructures (Sing, 2022). In 

general, the β-Ti phase stabilisers such as vanadium, tantalum, niobium, copper, and iron are 
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found in the transition groups of the periodic table. Alloying these elements to the titanium 

matrix generally reduces the α-Ti/β-Ti transition temperature of titanium (Lütjering and 

Williams, 2007). The β-Ti transus temperature is a transformation temperature from the α-Ti 

or α-Ti + β-Ti phase field to the β-Ti phase field. This represents the temperature at which the 

β-Ti phase is stable. Therefore, the β-Ti transus temperature is of vital importance in terms of 

strength properties and other properties of titanium-based alloys. The β-Ti phase stabilisers 

do not generate intermetallic compounds in the microstructure when added to the titanium 

matrix. Such elements can partly dissolve in the β-Ti phase. If the concentration of β-Ti phase 

stabilisers is sufficient to reduce the martensitic start (Ms) temperature below the room 

temperature, the α-Ti phase formation can be inhibited in the microstructure; thus, the 

formation of the β-Ti phase can occur even at room temperature, as can be seen in Fig. 2.32. 

Unlike the α-Ti type alloys, the β-Ti type alloys are suitable for heat treatments (Karasevskaya 

et al., 2003). Additionally, the β-Ti type alloys are not preferred in high-temperature 

applications as they exhibit low creep resistance (Balazic et al., 2003; Majumdar and Manna, 

2015). 

 

Figure 2.32. Schematic illustration of Ti-6Al-4V alloy showing the effect of β stabilizer content 

(Majumdar and Manna, 2015). 

 

On the other hand, the β-Ti type alloys have more superior biocompatible properties compared 

to the α-Ti and the α-Ti + β-Ti type alloys. In addition, the mechanical properties of the β-Ti 

type alloys are more compatible with the bone, which can reduce the stress-shielding effect 

when implanted. In recent years, β-Ti type alloys have become the focus of orthopaedic 

implant applications due to the unique combination of better mechanical properties. The 

production of β-Ti type alloys with superior properties is of vital importance for biomedical 
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applications. The formation of the β-Ti phase in the microstructure considerably reduces the 

strength properties (Niinomi, 2002; Ikehata et al., 2004; Abdel-Hady et al., 2006). Also, the 

implant material made from β-Ti type alloys has extraordinary biocorrosion resistance in body 

fluids. Therefore, these types of alloys can be widely employed in implantology owing to their 

mechanical performance and better biocompatibility. Further, such alloys are biologically inert 

and can establish a good bond with osteoblasts when implanted. Moreover, these alloys have 

excellent specific strength, good machinability, and outstanding fatigue strength. 

 

Here, the formation of the β-Ti phase is essential for developing new titanium-based alloys 

used in implantology since the β-Ti type alloys can reduce the elastic modulus and provide 

biological passivity (Yang and Zhang, 2005). Therefore, the β-Ti type titanium alloys have 

been studied to obtain new β-Ti type alloys with low rigidity. This has a vital effect on 

enhancing bone healing and bone remodelling in addition to reducing the stress-shielding 

effect. The rigidity of the α-Ti type alloys is higher compared to that of β-Ti type alloys. 

However, the rigidity of β-Ti type alloys is still much higher than that of natural bone. 

Developing β-Ti type alloys with low rigidity is the latest trend in research. The chemical 

composition and mechanical properties of the new-generation β-type alloys used in 

implantology are presented in Table 2.5. The great unexplored potential of these types of 

titanium alloys is the driving force behind this work. The second aim of this study is to 

comprehensively examine the microstructure of new β-Ti type alloys achieved by adding 

niobium with non-toxic properties. 
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Table 2.5. Chemical composition and mechanical properties of the β-Ti type alloys (E: 

elasticity modulus, σ0.2: yield strength, σuts: tensile strength (Donachie, 2000)). 

 Chemical formula (wt.%) 
Mechanical 

properties (GPa) 

Alloys Fe O Al Sn Zr Mo Others E σ 0.2 σuts 

Ti-3Al-8V-6Cr-

4Mo-4Zr 
0.3 0.1 8 - 4 4 

V:8 

Cr:6 
86 800 900 

Ti-13Nb-13Zr - - - - 13 - Nb:13 80 850 100 

Ti-10V-2Fe-3Al 2 0.1 3 - - - V:10 110 1000 1000 

Ti-8Mo-8V-

2Fe-3Al 
2 0.2 3 - - 8 V:8 120 960 1030 

Ti-11.5Mo-6Zr-

4.5Sn 
0.3 0.2 - 4.5 6 11 - 83 800 900 

Ti-13V-11Cr-

3Al 
0.3 0.2 3 - - - 

V:13 

Cr:11 
110 1140 1210 

Ti-15V-3Cr-

3Al-3Sn 
0.2 0.1 3 3 - - 

V:15 

Cr:3 
80 800 800 

Ti-29Nb-13Ta-

4.6Zr 
- - - - 4.6 - 

Nb:29 

Ta:13 
80 850 900 

 

Ease of fabrication and low costs combined with superior mechanical performance have given 

metals a key role in implantology. In this regard, various metallic biomaterials such as titanium-

based alloys, cobalt-chromium alloys, and stainless steel have been developed by scientists. 

However, biomechanical mismatches between the host bone and the metallic biomaterial are 

a core issue in implantology. The majority of metallic biomaterials may exhibit much higher 

mechanical properties than natural bone when implanted. Such a condition may lead to a 

reduction of bone mineral density or bone resorption over time, which is a known stress-

shielding issue. This may increase healing time and even result in implant failure (Niinomi, 

2002). As shown in Fig. 2.33, the elastic modulus of stainless steel, commercially pure 

tantalum, and cobalt-chrome alloys is much higher than that of titanium and its alloys, which 

indicates that the possibility of the stress-shielding effect is higher when using biomaterials 

made from stainless steel or cobalt-chromium alloys compared to titanium and its alloys. The 

elastic modulus of titanium and its alloys ranges from 200 GPa to 48 GPa. However, the elastic 

modulus of natural bone is still much lower than that of these values (Rathor and 

Uddanwadiker, 2022). Researchers have focused on developing new β-Ti types of alloys with 

low elastic modulus and non-toxic or non-allergic properties. According to the literature, the 
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lowest elastic modulus obtained in the β-Ti type alloys was determined as 40 GPa in Ti-35Nb-

4Sn and Ti-24Nb-4Zr-7.9Sn (Matsumoto et al., 2006; Hao et al., 2007). In this context, several 

non-toxic β-Ti type alloys are used as biomaterials that are close to the elastic modulus of the 

bone (Niinomi et al., 2006).  

 

 

Figure 2.33. Comparison of the mechanical properties of some orthopaedic biomaterial 

materials with natural bone (Geetha et al., 2009). 

 

2.2.3.3. Alpha + Beta (α-Ti + β-Ti) Type Alloys 

The microstructures of the α-Ti + β-Ti type alloys consist of a combination of the α-Ti and β-Ti 

phases. Such alloys can contain both the α-Ti stabilisers like aluminium and the β-Ti stabilisers 

such as vanadium, niobium, and molybdenum to expand the α + β field up to room temperature 

(Donachie, 2000; Leyens and Peters, 2003; Lütjering and Williams, 2007). 

 

These types of alloys can exhibit high fracture toughness, good creep strength and high 

fatigue strength. As a result of the thermal treatment applied, the β-Ti phase can be 

precipitated in the microstructure. Thus, the desired microstructure modifications can be 

obtained by the presence of the α-Ti + β-Ti phases. Such a microstructure with superior 

properties is achieved (Brunette et al., 2001). 

 

The Ti-6Al-4V alloy is a typical example of the α-Ti + β-Ti type alloys used in biomedical 

applications. However, the Ti-6Al-4V alloy was developed for aerospace engineering rather 

than for biomedical applications. Some properties of this alloy such as excellent specific 

strength, good workability, and superior fatigue strength provide significant benefits in 

orthopaedic implant applications. However, the alloyant elements in this alloy have their own 

adverse influences in the biomedical environment. Based on the literature, vanadium ions 
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released from Ti-6A-4V alloy may lead to a change in the kinetics of the enzyme activity related 

to inflammatory response cells (Demirci et al., 2022; Nasiłowska et al., 2023). The existence 

of aluminium, however, may cause Alzheimer's disease through long-term implantation (Ikeda 

et al., 2002). Therefore, these features of Ti-6A-4V alloy for artificial joints put considerable 

limitations on their performance. For this reason, vanadium-free and aluminium-free titanium-

based alloys are studied in this work. The chemical composition and mechanical properties of 

some of the α-Ti + the β-Ti type alloys used as biomaterial are given in Table 2.6. 

 

Table 2.6. Composition and mechanical properties of the α-Ti + the β-Ti type titanium alloys 

(E: elasticity modulus, σ0.2: yield strength, σuts: ultimate tensile strength) (Donachie, 2000). 

 Chemical composition (wt.%) 
Mechanical 

properties (GPa) 

Alloys Fe O Al Sn Zr Mo Others E σ 0.2 σuts 

Ti-6Al-4V 0.3 0.2 6 - - - V: 4 110 800 900 

Ti-6Al-6V-

2Sn 
1 0.2 6 2 - - V: 6 110 950 1000 

Ti-6Al-2Sn-

2Zr-2Mo-2Cr-

0.25Si 

0.2

5 
0.1 6 2 2 2 

Cr: 2 

Si: 0.25 
110 1000 1100 

Ti-6Al-2Sn-

4Zr-6Mo 
0.1 0.1 6 2 4 6 - 114 1000 1100 

Ti-5Al-2Sn-

2Zr-4Mo-4Cr 
0.3 0.1 5 2 2 4 Cr: 4 112 1050 1100 

Ti-6Al-7Nb 0.2 0.2 6 - - - Nb: 7 114 880 900 

Ti-4Al-4Mo-

2Sn-0.5Si 
0.1 0.2 4 2 - 4 Si: 0.5 114 960 1100 

Ti-4.5Al-3V-

2Mo-2Fe 
2 0.2 4.5 - - 2 V: 3 110 900 960 

 

On the other hand, microstructures of titanium and its alloys may also consist of metastable 

phases such as αı-Ti, αıı-Ti, and ω-Ti phases according to cooling conditions or the type of 

alloyant element used. If the β-Ti phase stabilisers in the titanium-based alloys are limited, 

only the α-Ti and β-Ti phases may form the microstructure of titanium-based alloys. However, 

for thermodynamically un-equilibrium, metastable phases may also occur at room 

temperature. Based on the literature, some β-Ti phase stabilisers such as molybdenum, 

tantalum and vanadium may generate martensitic structures such as αı-Ti (hexagonal close-
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packed) and αıı-Ti (orthorhombic) phases. Additionally, for limited β-Ti phase stabilisers in 

titanium matrix, rapid cooling from the β-Ti phase field may cause the formation of martensitic 

αı-Ti phase in the microstructure. For high content of the β-Ti phase stabiliser in the titanium 

matrix, the martensitic αı-Ti phase may lose symmetry and transform into the martensitic αıı-

Ti phase. If titanium-based alloys with the β-Ti stabiliser are exposed to rapid cooling from 

high temperatures (β-Ti field in titanium phase diagram), the β-Ti phase may transform either 

into martensitic structures αı-Ti (hexagonal close-packed), αıı-Ti (orthorhombic) phases or the 

omega (ω-Ti) phase (hexagonal close-packed) (Slokar et al., 2012). The microstructures of 

Ti-25Nb (wt.%) alloy exposed to different cooling conditions are given in Fig. 2.34. 

Accordingly, the martensitic αıı-Ti phase was observed in the water-cooled Ti-25Nb (wt.%) 

while the metastable ω-Ti phase was detected in the same air-cooled alloy (Majumdar and 

Manna, 2015). 

 

  

Figure 2.34. (a) water-cooled Ti-25Nb (wt.%) alloy revealing martensitic αıı-Ti phase and (b) 

air-cooled Ti-25Nb (wt.%) alloy indicating metastable ω-Ti phase dispersed in the β-Ti matrix 

(Majumdar and Manna, 2015). 

 

Based on the chemical composition of the β-type alloys, the omega (ω-Ti) phase may take 

place in the microstructure, which is undesirable for many applications as precipitation of a ω-

Ti phase may increase the brittleness of the titanium and its alloy. Also, the omega (ω-Ti) 

phase can form after the ageing of a rapid quenching from medium temperatures, which 

promotes the formation of an isothermal ω-Ti phase. This is shown in Fig. 2.35. (Majumdar 

and Manna, 2015). 
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Figure 2.35. TTT diagram for β-Ti phase transformation in titanium (Majumdar and Manna, 

2015). 

 

When looking at the microstructures of heat-treated titanium and its alloys, it is possible to find 

the α-Ti phase transforming from the β-Ti phase during slow cooling from the β-Ti field. 

Subsequently, the α-Ti phase in the microstructure may appear in acicular forms. The resulting 

microstructure is called the Widmanstatten structure (see Fig. 2.36.), and the acicular α-Ti 

grains grow in the β-Ti matrix throughout the slow cooling (Rajan, 2020). 

 

 

Figure 2.36. Formation of Widmanstatten structure (Rajan, 2020). 
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2.2.4. Corrosion Behaviour and Biocompatibility of Titanium and Its Alloys 

Electrochemical corrosion tests such as electrochemical impedance spectroscopy (EIS) and 

potentiodynamic polarisation can be widely employed to understand the corrosion 

performance of the implant material before surgery (Fojt et al., 2013). Some studies revealed 

that some passivation behaviours (as in titanium-oxide) may be observed in titanium, which 

makes it more resistant to corrosion (Fojt et al., 2013; Li et al., 2018). Namely, this passivation 

can ensure additional corrosion resistance to titanium (Wang et al., 2019). Therefore, pure 

titanium has good corrosion resistance in many environments such as nitric acid and chromic 

acid. Also, some titanium-based alloys have extreme corrosion resistance. These are Ti-

0.15Pd alloy and Ti-Ni-Pd-Ru-Cr alloy (AKOT) (see Fig. 2.37.). However, under high-

temperature conditions in highly concentrated solutions such as hydrochloric acid and sulfuric 

acids, the corrosion resistance of titanium and its alloys may reduce significantly (see Fig. 

2.38.). 

 

 

Figure 2.37. The corrosion resistance of commercially pure titanium and its alloys in 

hydrochloric acid solution (Kobelco, 2022). 
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Figure 2.38. The corrosion rate of commercially pure titanium in NaOH solution (Kobelco, 

2022). 

 

Unlike other metallic materials such as aluminium-brass, stainless steel or copper-nickel 

alloys, stress corrosion, cracking or pitting corrosion is not observed in commercially pure 

titanium (see Table 2.7.). 

 

Table 2.7. The corrosion resistance of titanium and some metal groups (Corrosion resistance 

rank 1: Excellent, 2: Good, 3: Ordinary, 4: Inferior) (Kobelco, 2022). 

 

Type of 

material 

 

Purity of sea 

water 

Corrosion resistance rank 

General 

corrosion 

Pitting 

corrosion 

Crevice 

corrosion 

Stress 

corrosion 

cracking 

Erosion 

 

Titanium 

Clean 1 1 1 1 2 

Contaminated 1 1 1 1 2 

 

Al brass 

Clean 2 2 2 1 3 

Contaminated 2 4 4 4 3 

70/30 

Cu-Ni 

Clean 1 2 2 1 3 

Contaminated 2 4 4 4 3 

 

Stainless 

steel 

Clean 1 1 2 1 2 

Contaminated 1 2 3 2 2 
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As stated previously, the corrosion performance of titanium and its alloys is generally 

determined by passivation behaviours. Titanium and its alloys normally have a high chemical 

affinity for oxygen, hydrogen, and nitrogen gases, which result in a thin oxide film (M: metal; 

MO2), an extremely protective surface oxide film formed on their surfaces. More importantly, 

if this passivation is damaged or scratched, it can heal or repair itself when exposed to air or 

water (Hebatalrahman, 2005). However, this benefit may turn into a disadvantage; especially 

above 600°C. This is because, above that temperature, oxygen can easily diffuse to the 

surfaces of titanium and its alloys, making them brittle and fragile, which are undesired 

features for biomedical applications (Lütjering and Williams, 2007). On the other hand, the 

passivation behaviour of titanium and its alloys plays a beneficial role in biomedical 

applications in terms of organic and inorganic interaction between bone and implant (Moffat 

and Kattner, 1988). The passivation behaviour of titanium and its alloys used in implantology 

can vary depending on its surface characteristics, chemical compound, and the surrounding 

biological environment. This oxide layer plays a crucial role on biocompatibility, 

osseointegration, chemical stability, and corrosion resistance of titanium and its alloys used 

as implant. These are essential for the long-term success of implants in interacting with bone 

and other biological tissues. Previous studies have shown that the passivation behaviour 

formed on surfaces of titanium and its alloys can also enhance cytotoxicity properties. Further, 

the passivation effect can hinder ion emissions from biomaterial that may occur in the body 

systems. The reason is that the chemical behaviour of some oxide characters such as TiO2 

and Nb2O3 is similar to that of body liquids. It is claimed these oxides may not be recognised 

by the muscles, tissues, and body systems (Leyens and Peters, 2003). The corrosion 

performances of titanium and its alloys used as biomaterial are strongly dependent upon 

passivation behaviours (Lütjering and Williams, 2007; Pushp et al., 2022). As a result, the 

passivation behaviours of titanium-based alloys spontaneously formed on their surfaces 

promote chemical stability. Therefore, titanium and its alloys have excellent corrosion 

resistance, which is essential for implantology. 

 

The corrosion resistance of the biomaterial is associated with biocompatibility. In other words, 

biocompatibility is a feature that requires high corrosion resistance. Biomaterials are generally 

exposed to corrosive mediums when implanted owing to the protein, salt and ions found in the 

body fluids and blood. Considering this, some corrosion products may form at the implantation 

site and may lead to unhealthy side-effects in the human body (Bai et al., 2016). Normally, 

biocompatible behaviour and cytotoxicity of the biomaterial are determined by survival rates 

of cells, cell adhesion and cell spreading in vivo. The result of a previous study is shown in 

Fig. 2.39. According to the results of this study, titanium was found to have the highest cell 

survival rate, approximately 90%, while nickel had the lowest cell survival rate. As can be seen 



47 
 

here, titanium did not react with the body liquids when implanted. In conclusion, titanium and 

its alloys are biocompatible with human tissue and/or bone. 

 

 

Figure 2.39. The survival rate of L132 cells in powder suspension of different implant materials 

(Leyens and Peters, 2003). 

 

2.2.5. Mechanical Properties of Titanium and Its Alloys 

The mechanical properties of titanium and its alloys can be determined by the type of alloying 

element by changing phase microstructures. Some mechanical properties of titanium and its 

alloys are given in Table 2.8. The data for the structural α-Ti, α-Ti + β-Ti and β-Ti type alloys 

are given in Fig. 2.40 as a scatter band. Here, the yield strengths of titanium and its alloys are 

distributed in the range of between 100 and 1000 MPa. 
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Table 2.8. Mechanical properties of titanium and its alloys (Krishna 2022). 

 

Alloy 

Tensile 

strength 

(MPa) 

Yield 

strength 

(MPa) 

 

Elongation 

(%) 

Elastic 

modulus 

(GPa) 

 

Type of 

alloy 

Pure 

titanium 

(grade 1) 

241 171 23 102.8 α-Ti 

Pure 

titanium 

(grade 2) 

345 273 22 101.6 α-Ti 

Pure 

titanium 

(grade 2) 

455 375 20 102.3 α-Ti 

Ti–6Al–4V 894–931 824–870 5–10 111–115 α-Ti + β-Ti 

Ti–6Al–7Nb 905–1060 885–955 8.1–15 114 α-Ti + β-Ti 

Ti–5Al–

2.5Fe 

1022 900 14 115 α-Ti + β-Ti 

Ti–5Al–1.5B 930–1100 825–935 15–17.0 120 α-Ti + β-Ti 

Ti–15Sn–

4Nb–2Ta–

0.2Pd 

860-1109 790 21 89 α-Ti + β-Ti 

Ti–15Zr–

4Nb–4Ta–

0.2Pd 

715-919 693-806 18-28 94-99 α-Ti + β-Ti 

Ti–13Nb–

13Zr 

973–1037 836–908 10–16 79–84 β-Ti 

TMZF (Ti–

12Mo–6Zr–

2Fe) 

1060–1100 100–1060 18–22 74–85 β-Ti 

Ti–15Mo 875 545 20 77-80 β-Ti 

Ti–15Mo–

5Zr–3Al 

850 840 26 80 β-Ti 

Ti–35.3Nb–

5.1Ta–7.1Zr 

600 550 20 56 β-Ti 
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Figure 2.40. Relationship between yield strength and elongation for titanium and its alloys 

(Krishna 2022). 

 

Normally, commercially pure titanium grades have a tensile strength in the range of 200 MPa 

to 600 MPa. The strengths of titanium grades can be controlled by the presence of interstitial 

impurity atoms such as carbon, oxygen, and nitrogen contents. In general, these atoms 

increase the mechanical strength of pure titanium grades but decrease the ductility. For 

instance, the increase of oxygen content in the titanium matrix from 0.18%wt to 0.4%wt 

increases the yield strength from 170 MPa to 480 MPa (Luo et al., 2020). To improve tensile 

strength, commercially pure or unalloyed titanium can be alloyed by alloyant elements such 

as tin, chrome, iron, vanadium, aluminium, niobium, and zirconium. Thus, titanium and its 

alloys can exhibit greater tensile strength than commercially pure titanium (Kang and Yang, 

2019). A comparison of tensile strength for titanium and its alloys is given in Fig. 2.41. As seen 

in this figure, alloying titanium can increase mechanical properties by altering the phase 

constituent in the microstructure of titanium (Gogia, 2005). 
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Figure 2.41. Comparison of tensile strength for commercially pure titanium grades and its 

alloys (KS: commercially pure titanium grades) (Kobelco, 2022). 

 

Commercially pure titanium can be also used in engineering designs up to 300°C due to its 

good specific strength and its high creep strength. When it is alloyed with other metals, this 

temperature reached can be 500°C. Some mechanical properties of commercially pure 

titanium and its alloys at high temperatures are given in Fig. 2.42. Further, commercially pure 

titanium and its alloys can be effectively used at low temperatures, even at 4.2 K (-269°C) 

(see Fig. 2.43.). 
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Figure 2.42. Some mechanical properties of commercially pure titanium and its alloys at high 

temperatures (KS: commercially pure titanium grades) (Kobelco, 2022). 

 

  

Figure 2.43. Some mechanical properties of commercially pure titanium and its alloys at low 

temperatures (Kobelco, 2022). 

 

As mentioned before, commercially pure titanium and its alloys can maintain their strength 

values even at high temperatures (Gogia, 2005). Titanium and its alloys can exhibit much 

better specific strength properties than other metallic materials such as aluminium alloys, 

magnesium alloys and stainless steel (Ahmed et al., 2014). A comparison of the specific 
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strengths of titanium and its alloys with some metal alloys according to temperature changes 

is given in Fig. 2.44. 

 

 

Figure 2.44. Comparison of the specific strengths of titanium and its alloys with some metal 

alloys according to temperature changes (Kobelco, 2022). 

 

Titanium-based alloys and stainless steel have similar hardness properties but exceed 

aluminium’s hardness. The hardness properties of titanium and its alloys can be altered by 

the heat treatment applied and the alloyant contents in the titanium matrix (Revankar, 2014). 

 

The Vickers hardness of the titanium and its alloys used as implants do not alter before and 

after surgery. However, that of 316L used as an implant may be higher after surgery (see Fig. 

2.45.). 

 

Figure. 2.45. The influence of implantation into a vivo on Vickers hardness (Revankar, 2014). 
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The machinability of commercially pure titanium and its alloys is slightly inferior to stainless 

steel. This case may vary according to the types of titanium alloys. For instance, the α-Ti type 

alloys can exhibit superior machinability while the β-Ti type titanium alloys offer the lowest 

machinability among types of titanium alloys. The α-Ti + β-Ti type alloys have intermediate 

machinability. 

 

In general, the fatigue strength of commercially pure titanium (107 cycles) is roughly half of its 

tensile strength. Further, even in many corrosive environments such as sea water, a reduction 

in the fatigue strengths of commercially pure titanium and its alloys is not observed (Kobelco, 

2022). However, previous studies have declared that the fatigue strength of titanium and its 

alloys may be adversely affected after surgery. This is because the crack propagation rate of 

the titanium-based alloys used as a biomaterial in simulated body fluids is higher than in air 

(see Fig. 2.46.). 

 

Figure. 2.46. S–N curves for Ti-5Al-2.5Fe in air, Ringer’s solution and Ringer’s solution with 

N2 gas (Kobelco, 2022). 

 

2.2.6. Advantages and Disadvantages of Titanium and Its Alloys Used as Implants 

Titanium and its alloys are widely employed in implantology owing to their excellent corrosion 

resistances, their acceptable mechanical performance, and their outstanding biocompatibility. 

Moreover, the passivation of titanium-based alloys can absorb some ions released from 

orthopaedic biomaterial made from titanium and its alloys, which may inhibit necrosis of the 

tissue surrounding the implantation site. Passivation behaviour is that is a stable oxide film 

(TiO2) forming on the surface of titanium and its alloys. The passivation behaviour of titanium 

and its alloys provides significant advantage for biological applications, as they do have an 

inert structure (Sherif et al., 2022). However, this type of thin film formed on the surface of 

titanium and its alloys is quite sensitive so it can be damaged easily. Therefore, to protect such 
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film, many treatments such as heating under atmospheric pressure, electrochemical oxidation 

and anodic oxidation can be conducted, which means extra costs (Wang et al., 2008; Lang et 

al., 2013). 

 

As stated above, titanium-based alloys have three major phase structures: α-Ti type, β-Ti type, 

and combinations of these phases (α-Ti + β-Ti). Various alloying elements such as niobium, 

zirconium, tin, copper, vanadium, aluminium, and hafnium can be employed to alter the phase 

structure of titanium-based alloys; thus, the chemical and physical properties of titanium-

based alloys can be adjusted effectively. The chemical and physical properties of α-Ti type 

and β-Ti type alloys are different. Here, the mechanical properties of the β-Ti type alloys are 

closer to those of bone compared to α-Ti type alloys. This reduces the mechanical mismatch 

between orthopaedic biomaterial and bone. Therefore, β-Ti type alloys with favourable 

properties can be widely used in biomedical applications. 

 

On the other hand, there are some disadvantages of titanium-based alloys used as load-

bearing implant material; these are low deformability (the α-type alloys), low machinability (the 

β-type alloys), insufficient wear resistance and high affinity to atmospheric gases such as 

nitrogen and oxygen at elevated temperatures (Li et al., 2014). Further, under some 

conditions, the presence of titanium ions released from implants made from titanium-based 

alloys has been proved at the interface between bone and implant (Curtin et al., 2017). In 

addition, titanium and its alloys may cause an aesthetic problem when implanted due to their 

grey colour, which can be seen through the thin mucosa. In conclusion, titanium and its alloys 

should be thoroughly analysed before implantation. 

 

2.2.7. Titanium-Based Alloys 

2.2.7.1. Binary Titanium-Zirconium Alloys 

Zirconium is one of the transition metals in the periodic table. The chemical, physical, and 

mechanical properties of zirconium are given in Table 2.9. Zirconium was found by Martin 

Heinrich Klapoth, a German chemist, in 1789. The primary mineral sources of zirconium are 

zirconium silicate (ZrSO4) and baddeleyite (ZrO2). Commercially pure zirconium is generally 

produced by chlorine, magnesium, and carbon reduction, which is summarised in Eqs. (2.5.) 

(Kljajević et al., 2011). Commercially pure zirconium can be used in magnet production by 

alloying with niobium due to its feature of superconductivity at low temperatures. 

 

 ZrSO4 + 3C (1600 ºC) → ZrO2 + SC + 2CO(g) (2.5a.) 

 ZrO2 + 2Cl2 + 2C (900 ºC) → ZrCl4 + 2CO (2.5b.) 

  ZrCl4 + 2Mg (1100 ºC) → 2MgCl2 + Zr (2.5c.) 
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Table 2.9. Some properties of zirconium metal (Lenntech, 2022). 

Chemical properties Physical and mechanical 

properties 

Symbol Zr Density (g/cm3) 6.51 

Period and group 5/4B Melting point (ºC) 1852 

Atomic number 22 Boiling point (ºC) 2900 

Atomic mass 

(g/mol) 

91.224 Hardness (HV) 903 

Atomic diameter 

(ºA) 

2.16 Thermal conductivity 

(W/cm.K) 

0.226 

Crystal structure Hexagonal close-

packed (hcp) 

Elastic modulus 

(GPa) 

88 

 

The titanium-zirconium equilibrium phase diagram is illustrated in Fig. 2.47. Accordingly, 

zirconium in the titanium matrix acts as a neutral or weak β-Ti phase stabiliser as it does not 

critically shift the α-Ti/β-Ti solvus line of titanium. In addition, zirconium can exhibit a 

completely solid solution in a titanium matrix (α-Ti phase) even at room temperature; thus, a 

wide range of titanium-zirconium alloys can be designed. The phase constituent of the 

titanium-zirconium system consists of only the hcp α-Ti phase, which shows that zirconium 

concentration in the titanium matrix does not play a crucial role in phase constituents of the 

titanium. On the other hand, the addition of zirconium to the titanium matrix can slightly 

enhance mechanical properties such as hardness, yield strength, and tensile strength due to 

the solid-solution mechanism. 

 

For biomedical applications, zirconium is a favourable candidate for alloying to titanium matrix 

because it does not exhibit toxic and allergic effects when implanted. This is due to the 

formation of a thermodynamically stable oxide layer (ZrO2) on the zirconium surface within 

nanoseconds when reacted with oxygen (Brunette et al., 2001; Chopra et al., 2022; Ardhy et 

al., 2023). 

 

Titanium-zirconium systems are a new-generation implant material that combines good 

biocompatibility and high strength. Titanium-zirconium alloys have better mechanical strength 

and superior osseointegration compared to commercially pure titanium and commercially pure 

zirconium. They are specifically designed for use in dental implantology (ZrO2) (Gottlow et al., 

2012). Binary titanium-zirconium alloys generally contain 13% to 17% zirconium, which 

https://tureng.com/tr/turkce-ingilizce/atomic%20diameter
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provides high strength properties and high wear resistance. This is essential for dental 

applications. Also, adding zirconium to titanium matrix enhances biocompatibility properties, 

which reduces the risk of adverse reaction in the body when implanted. 

 

Titanium-zirconium implants are marketed as Roxolid® (Institut Straumann AG, Basel, 

Switzerland). This type of implant, made from titanium-zirconium alloys, has a tensile strength 

of 953 MPa and a fatigue strength of 230 MPa, according to the tests applied at ISO 14801 

standards (data on file for Straumann). It is, thus, deemed reasonable for the alloying of 

titanium with zirconium. 

 

 

Figure 2.47. Titanium-zirconium binary equilibrium phase diagram (Gasik and Yu, 2009). 

 

Wang et al. produced Ti-xZr (x: 5, 15, 25, 35, 45; wt. %) binary alloys by using the powder 

metallurgy method. They declared that all binary Ti-xZr alloys achieved in this study exhibited 

a significant continuous increase in mechanical performance due to solid-solid strength 

mechanisms (Wang et al., 2019). 

 

Vicente et al. studied the effect of oxygen concentration in Ti-xZr alloys (x: 5, 10, 15; wt. %). 

They showed that an increase in oxygen concentration from 0.02 wt.% to 0.04 wt.% did not 

affect the biocompatibility features and phase structures of the alloys but significantly 

increased the mechanical properties of the alloys such as hardness and elastic modulus 

(Vicente et al., 2014). 

 

Kobayashi et al. examined the mechanical performance of Ti-xZr (x: 0, 20, 25, 30, 35, 40, 45, 

50, 55, 60, 65, 70, 75, 80,100; wt.%) alloys. They stated that titanium with up to 50 wt.% 

zirconium concentration exhibited greater tensile strength and hardness compared to 
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commercially pure titanium and commercially pure zirconium. All alloys achieved in this study 

had a favourable potential for use as load-bearing implants in terms of their biocompatible 

features (Kobayashi et al., 1995). 

 

Ti-10Zr (wt.%) was fabricated by a commercial arc-melting vacuum-pressure-type casting 

system. Microstructure evaluation revealed that the microstructure consisted completely of the 

α-Ti phase with an hcp crystal structure. Ti-10Zr (wt.%) exhibited higher mechanical properties 

than commercially pure titanium (Ho et al., 2009). 

 

Calderon Moreno et al. examined the corrosion performance of Ti-20Zr (wt.%) alloys with α-

Ti + β-Ti phase microstructure. In this regard, passivation (Ti2O3, TiO2, and ZrO2) formed on 

the surfaces of the alloys was determined by XPS analysis. The long-term corrosion 

performance of the alloys was achieved due to the passivation behaviours of the alloys 

(Calderon Moreno et al., 2014). 

 

Zhang et al. investigated the wear resistances of the Ti-xZr (x:1, 2, 16; wt.%) alloys produced 

by an arc-melting furnace under an argon environment. They declared that with increasing 

zirconium concentration in the titanium matrix, the wear resistance of the alloys achieved 

increased dramatically (Zhang, 2018). 

 

2.2.7.2. Binary Titanium-Niobium Alloys 

Niobium is a metal with quite beneficial functions in many alloys; its atomic number is 41. 

Niobium was discovered by Charles Hatchett, an English mineralogist, in 1801. It is widely 

used in steel pipe construction as the corrosion resistance of steel is enhanced when niobium 

is alloyed with steel. The chemical, physical, and mechanical properties of niobium are given 

in Table 2.10. The primary mineral sources of niobium are pyrochlore oxides (NaCaNb2O6F 

and (Fe, Mn)(Nb, Ta)2O6 ores). These minerals can be fully dissolved with strong sulfuric acid, 

and Nb2O5 and FeTaNb compounds can then be obtained. The chemical reactions of pure 

niobium production are given in Eqs. (2.6.) (Wu et al., 2022). 

 

 3Nb2O5 + 10Al (1000 ºC) → 6Nb + 5Al2O3 (2.6a.) 

 Nb2O5 + 7C (1950 ºC) → 2NbC + 5CO (2.6b.) 

 5NbC + Nb2O5 (1950 ºC) → 7Nb + 5CO (2.6c.) 
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Table 2.10. Some properties of niobium metal (Lenntech, 2022). 

Chemical properties Physical and mechanical 

properties 

Symbol Nb Density (g/cm3) 8.4 

Period and group 5/5B Melting point (ºC) 2469 

Atomic number 41 Boiling point (ºC) 4744 

Atomic mass 

(g/mol) 

92.9 Hardness (HV) 1320 

Atomic diameter 

(ºA) 

2.08 Thermal conductivity 

(W/cm.K) 

0.537 

Crystal structure Body-centred 

cubic (BCC) 

Elastic modulus 

(GPa) 

105 

 

Biocompatibility: Binary titanium- niobium alloys have excellent biocompatibility. These alloys 

are generally used in orthopaedic implants and dental applications since they can integrate 

well with the human body without causing adverse reactions. 

 

Corrosion resistance: Binary titanium- niobium alloys exhibit high corrosion resistance. That 

can play vital role on corrosion performances of these alloys employed for implantology. 

 

Low modulus of elasticity: Commercially pure titanium can have more elastic modulus than 

binary titanium- niobium alloys. This feature is essential for orthopaedic applications since it 

can lead to stress shielding relief between implant and bone tissue.  

 

Biological stability: Some studies showed that binary titanium- niobium alloys are biologically 

stable. On the other hand, when implanted, they may not release harmful ions or particles over 

time.  

 

Super elasticity: Some binary titanium- niobium alloys can have super elastic characteristics. 

On the other hand, they can maintain their original shape after deformation. This feature 

provides a great advantage for medical devices such as stents. 

 

As seen from the titanium-niobium equilibrium phase diagram (see Fig. 2.48.), there are two 

stable solid phases: the hcp α-Ti and the bcc β-Ti phases. The melting temperatures of the 

titanium and niobium metals are Ti β→L=1670°C and Nb β→L=2469°C. The allotropic 

transformation temperature of titanium begins at 882˚C. The stable phase at room temperature 

https://tureng.com/tr/turkce-ingilizce/atomic%20diameter
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is the α-Ti phase up to 3% (at.) niobium content in the titanium matrix. Niobium acts as a 

strong β-Ti stabiliser in the microstructure of titanium-niobium mixtures. Thus, the volume 

fraction of the β-Ti phase generally increases with the increasing niobium concentration. The 

β-Ti phase becomes stable with 40% (at.) niobium at room temperature. Under normal 

conditions, the β-Ti phase is stable at high temperatures. Niobium content in the titanium 

matrix reduces the allotropic transformation temperature (α-Ti/β-Ti solidus line) and stabilises 

the β-Ti phase in the titanium microstructure (Zhuravleva, 2014). As mentioned before, the 

bcc β-Ti phase is essential for implantology due to its low elastic modulus and other favourable 

mechanical properties. Here, titanium-niobium systems exhibit low strength due to the 

formation of the bcc β-Ti phase in the microstructure. Previous studies have revealed that the 

niobium concentration in the titanium matrix may also promote the formation of the hcp ω-Ti 

(omega) phase according to the thermal treatment applied and the cooling rate from the β-Ti 

phase field. The hcp ω-Ti phase is an undesirable phase structure in biomaterial applications 

because this type of phase exhibits the highest elastic modulus among titanium-related 

phases. Based on the literature, some mechanical properties of different titanium-related 

phases are compared in Fig. 2.49. 

 

 

Figure 2.48. Titanium-niobium binary equilibrium phase diagram (Gasik and Yu, 2009). 

 

 

Figure 2.49. Comparison of mechanical properties of different titanium-related phases 

(Zhuravleva, 2014). 
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Lee et al. investigated the microstructures of Ti-xNb (x: 5, 10, 15, 17.5, 20, 22.5, 25, 27.5, 30, 

35; wt.%) fabricated by arc-melting. They stated that the microstructure and morphology of 

the alloys obtained in this study were sensitive to niobium concentration and all alloys 

exhibited superior corrosion resistance due to passivation behaviours (Lee et al., 2002). 

 

Han et al. studied the influence of niobium concentration on the mechanical performance, 

microstructure, and cytotoxicity of the Ti-xNb (x: 10, 15, 20; wt%) alloys. The results showed 

that microstructures mainly consisted of a combination of the α-Ti and the β-Ti phases with 

precipitation of the isothermal ω-Ti phases. With increasing niobium concentration, the volume 

fraction of the ω-Ti phase increased, which enhanced the mechanical properties of the alloys. 

The biocompatibility of titanium-niobium mixtures was excellent for use in implantology (Han 

et al., 2015). 

 

Santos et al. studied Ti-35Nb (wt.%) fabricated by the powder metallurgy method. They 

declared that the microstructures of the alloy sintered at high temperatures consisted of a 

combination of the α-Ti and the β-Ti phases, which revealed that phase transformation 

temperatures of the alloys reduced with increasing niobium concentration in the titanium 

matrix. This case showed us that niobium concentration in titanium matrix acted as a strong 

β-Ti stabiliser (Ozturk et al., 2011). 

 

Ruan et al. examined the mechanical properties and biocompatibility of Ti-25Nb (wt.%) alloy 

produced by the combination of the sponge impregnation method and the sintering process. 

They declared that porous Ti-25Nb (wt.%) exhibited appropriate mechanical performance and 

outstanding biocompatibility in the use of surgical applications (Ruan et al., 2016). 

 

2.2.7.3. Ternary Titanium-Niobium-Zirconium Alloys 

Ternary titanium-niobium-zirconium alloys have been attracting great interest from 

researchers though they are new concepts in the science world. As stated previously, titanium-

based alloys can be alloyed with highly biocompatible elements such as niobium and 

zirconium to achieve appropriate microstructure depending on the field of use. Niobium-

titanium binary alloys generally have the β-Ti phase structure based on the niobium 

concentration in the titanium matrix and thermal treatment applied. Therefore, the volume 

fraction of the β-Ti phase can be adjusted in the microstructure of titanium-niobium alloys 

(Bottino et al., 2009). Further, these types of alloys exhibit a low modulus of elasticity, 

acceptable mechanical strength, outstanding biocompatibility, shape memory and super 

elastic properties (Bozzolo et al., 2007). On the other hand, zirconium is a neutral or weak β-

Ti stabiliser element when individually alloyed to a titanium matrix (Abdel-Hady, 2006). 
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Therefore, both phases (α-Ti and β-Ti) can be found together in the microstructure of titanium-

niobium-zirconium alloys (Kim et al., 2005). 

 

The martensite start temperature (Ms) is suppressed by the addition of zirconium to titanium-

niobium mixtures (Hao et al., 2005). In this regard, the same can be said for the addition of 

niobium to titanium-zirconium mixtures (Kim et al., 2005). For every 1 wt.% increase of 

zirconium content in ternary Ti-22Nb-xZr (x: 2 and 8; wt.%) alloys, the Ms temperature is 

reduced by 38 K; it is lowered by 40 K for every 1 wt.% increase of niobium content in the 

same alloy. However, niobium and zirconium contents in the titanium matrix have different 

effects on the α-Ti/β-Ti solvus line of titanium (see Fig. 2.50.). As a result, the equiatomic 

substitution of niobium element with zirconium element causes an increase in the α-Ti/β-Ti 

solvus line of titanium but does not alter the Ms temperature of titanium. For instance, the α-

Ti/β-Ti solvus line of titanium can be increased by 70 K for Ti–20Nb–6Zr (at.%) when 

compared to Ti–26Nb(at.%) without changing the Ms temperature (Sun et al., 2011). The 

change in the volume fraction of the β-Ti phase in the microstructure may increase the super 

elasticity of the article owing to positive effects on the reversible the β-Ti, or the α″-Ti 

martensitic transformation. 

 

Previous studies have shown that the Ti-13Nb-13Zr alloy, the most widely used titanium-

niobium-zirconium alloy for biomedical applications, exhibits excellent corrosion resistance 

because the passivation of titanium, niobium, and zirconium can provide a permanent 

protective layer in simulated body fluids such as Hank's balanced salt solution (HBSS), 

Ringer's solutions, and phosphate-buffered saline (PBS). Therefore, Ti-13Nb-13Zr alloy has 

potential in implantology and dental applications (Lee et al., 2015). 

 

 

Figure 2.50. Titanium-niobium-zirconium ternary phase diagram (Cui et al., 2010). 
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Kaya et al. studied the biocompatibility and corrosion resistance of the Ti-10Nb-10Zr (at.%) 

produced by the powder metallurgy method. They stated that the presence of both zirconium 

and niobium in the titanium matrix significantly improved the corrosion resistance of the alloy 

due to oxide films formed on the surface. Further, to evaluate the biocompatibility of the Ti-

10Nb-10Zr (at.%), in vivo analysis was performed. The results showed that Ti-10Nb-10Zr 

(at.%) alloy can be used in load-bearing implant applications (Kaya et al., 2019). 

 

Hoppe et al. examined the mechanical performance and biological properties of the Ti-13Nb-

13Zr alloy. The results revealed that the alloy had better mechanical properties and superior 

corrosion resistance compared to pure titanium, pure zirconium, and pure niobium. Further, 

the cytotoxicity result of the alloy showed that it could meet medical implant requirements 

(Hoppe et al., 2021). 

 

Kim et al. studied the phase stability of Ti-Nb-Zr alloys with differing zirconium contents. The 

microstructure of the alloys studied comprised the β-Ti phase and the α’-Ti martensite phase. 

Moreover, to form the β-Ti phase in the microstructure, niobium content in the titanium matrix 

suppressed the martensitic transformation (Kim et al., 2020). 

 

You and Song studied the microstructure and mechanical properties of Ti-Nb-Zr alloys 

designed by employing the electron alloy theory. The results showed that the microstructure 

of the alloys composed of the β-Ti phase and the mechanical properties of the alloys were 

determined by the formation of the β-Ti phase in the microstructure (You and Song, 2012). 

 

2.2.8. Production of Porous Titanium-Based Alloys via Powder Metallurgy 

A range of materials can be used in biomedical applications. Implant material selection 

depends on clinical requirements, material properties and manufacturing cost. For most 

biological applications, porous implant materials can enhance the integration (adherence) 

between the implant and the bone tissue since they facilitate the penetration of bone tissue 

cells within the porous structure of the implant material for bone ingrowth and physiological 

transport. Porous implants made from titanium and its alloys have favourable features for 

surgery implantation due to good chemical stability, excellent biocompatibility, and acceptable 

mechanical properties (see Fig. 2.51.). Moreover, porous titanium and its alloys used as 

implants can stimulate bone ingrowth and new bone formation at the implantation site (Esen 

and Bor, 2011). Many production methods such as powder metallurgy are combined with the 

space holder technique, 3D printing and foaming in the literature to produce the appropriate 

porosity characteristics such as porosity level, pore size, pore structure and mechanical 

functionality (Ryan et al., 2006). Conventional powder metallurgy is essential for producing 
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porous structures. However, powder metallurgy combined with the space holder technique, 

used in this thesis, is the most efficient technique to create extra general porosity in 

implantology (Rodriguez-Contreras et al., 2021). 

 

Previous studies have revealed that the general porosity ratio is an indicator showing the sum 

of the formation of macro and micro pores in the microstructure. This is determined by the 

shrinkage ratio of the particles during the sintering stage. Therefore, there is a strong 

relationship between sintering conditions and the general porosity ratio (Edosa et al., 2022). 

 

 

Figure 2.51. Titanium implants with differing porosities (Edosa et al., 2022). 

 

Liquid processing for titanium and its alloys is difficult due to the high melting temperature of 

titanium and its alloys and its extreme affinity to react with atmospheric gases such as nitrogen 

and oxygen above 400°C. Therefore, high-temperature processing equipment or a high 

vacuum may be required because liquid titanium and its alloys are extremely reactive. 

However, the powder metallurgy method combined with the space holder technique has the 

potential to fabricate porous titanium or its alloy components at much lower temperatures and 

under conditions of reduced chemical reactivity. With this method, pore characteristics and 

process variables can be also controlled precisely by changing powder metallurgy production 

parameters and powder characteristics (An et al., 2005; Lee et al., 2007; Edosa et al., 2022). 

 

2.3. Powder Metallurgy 

2.3.1. Definition of Powder Metallurgy 

Powder metallurgy is a mature production method with a 5000-year history (Samal and 

Newkirk, 2015). It is defined as a process of forming metal by heating pressed metal powders 

to below the melting temperature. It can be widely employed in many fields such as the 

automotive industry, heavy equipment, gas turbines, parts of guns, the lamp industry, the 

aircraft and space industry and biomedical applications. 
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The schematic diagram of the powder metallurgy method is given in Fig. 2.52. Many factors 

affect the physical, chemical, and mechanical properties of the final product fabricated by 

powder metallurgy, including the particle characteristics used (i.e., shape, chemical 

composition, and size), compaction pressure, sintering temperature, and time (James, 2015; 

Rafandi et al., 2016). 

 

 

Figure 2.52. Schematic diagram of powder metallurgy method (Sankhla et al., 2022). 

 

The powder metallurgy method consists of three basic steps as illustrated below (Angelo et 

al., 2022): 

Blending or mixing 

Compacting or pressing 

Sintering 

 

Blending/mixing: This is the first stage of powder metallurgy. The terms ‘blending’ and ‘mixing’ 

are different from each other. In this context, the term ‘mixing’ refers to the mixing of metal 

powders with different chemical structures, while the term ‘blending’ refers to the blending of 

metal powders with the same chemical structure in a specially designated container to obtain 

a homogeneous powder mixture, which is essential for a good sintering stage. For further 

homogenisation, chemical agents such as lubricants, binders and deflocculants can be used 

to enhance the flow characteristic of the powder used. There are several types of 

mixing/blending mechanisms in the literature, as shown in Fig. 2.53. (Groover, 2020). 

 

 

Figure 2.53. Several types of mixing/blending mechanisms (Groover, 2020). 
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In this stage, different types of powders such as pre-alloyed or pure element powders can be 

used. Powder production methods include atomisation, solid-state reduction, and electrolysis. 

The most widely used powder production method is atomisation, which accounts for 80% of 

total powder production. With this method, ferrous metal powders such as stainless steel, 

titanium-based alloys and nickel-based alloys can be manufactured effectively. The 

characteristics of the powders used in this stage play a crucial role in the compaction 

behaviour and the sintering stage. 

 

Some studies have shown that the optimal fill rate of the container used in the mixing or 

blending stage should be in the range of 20% to 40% (Kondoh, 2012). During the mixing or 

blending, agglomeration, which is undesirable phenomenon when seeking to obtain a 

homogeneous structure, may occur depending on the type of blending/mixing mechanism 

used, powder properties, fill rate, blending time and temperature selected (Soyler, 2007; 

Kevenlik, 2013). 

 

Compacting / pressing: This is the second stage of powder metallurgy. Powder mixtures are 

compacted or briquetted by using high pressure to manufacture green bulk (unsintered, 

compacted powders) samples with sufficient strength for the sintering stage. At this stage, the 

voids between the powders are eliminated and the density of the article is increased (Al-

Qureshi et al., 2005). 

 

Based on the literature, there are different types of compacting mechanisms; die, roll, and 

extrusion. The most widely used pressing method is die compaction. In the die compacting 

stage, two punches (lower and upper) made from stainless steel are used to compact the 

powder mixtures (Kevenlik, 2013). The die design depends on the desired shape. After 

compacting, the ease of the ejection of green bulk from the die is essential. Fig. 2.54. shows 

the schematic diagram of the die compacting (Paris and Mousavinasab, 2022). 
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Figure 2.54. The schematic image of die compacting (Paris and Mousavinasab, 2022). 

 

Sintering: This is the last stage of powder metallurgy. It is a heat treatment applied to green 

bulk samples to convert the mechanical bonds formed between powders into chemical 

(metallurgical) bonds, enhancing the metallurgical bonds (German, 2005). Sintering is the 

most important stage of powder metallurgy and can determine the strength and other 

properties of the article. This is because, at this stage, all mass or atom transport in the article 

can occur by diffusion of atoms as a result of high temperature applied. The temperature is 

usually below the melting point of the powders used in the article (~70% to 90% of the melting 

temperature of the metal powder). The driving force for sintering is a reduction in the surface 

energy of the metallic powders, which results from the formation of the inter-particle bond or 

the densification of the green bulk samples during sintering. Dimensional changes (shrinkage), 

phase transformations, and new formation of compounds may happen in this stage, improving 

the physical and mechanical properties of the final product. The elemental or alloy powders 

may react with gases in the atmosphere as sintering is performed at high temperatures; thus, 

protective gas or a vacuum furnace should be employed during this stage (Chang and Zhao, 

2013). Sintering time and temperature can be chosen according to the chemical properties of 

the powders used. As stated previously, densification or neck formation takes place, and 

general porosity between particles reduces (see Fig. 2.55.). Low sintering time or temperature 

may result in inadequate diffusion and high pore formation in the microstructure of the article, 

which means that the final product may exhibit low density and low strength properties. Long 

sintering times and high temperatures are also not preferred as powders with a low melting 

point in the green compacts may evaporate or full melting may occur. Fig. 2.56. shows the 

development of the metallurgical bonds between the particles and structural changes during 

sintering (Pan et al., 2023). Sintering techniques mentioned in the literature include microwave 

sintering, spark sintering and laser sintering. 
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Figure 2.55. Neck formation (Pan et al., 2023). 

 

 

Figure 2.56. Sintering mechanism (Pan et al., 2023). 

 

2.3.2. Porosity and Pore Characteristics 

There are many production methods to achieve materials with porous structure such as 3D 

printing, laser-based powder bed fusion, metallic foam, powder metallurgy etc. The selection 

of production methods depends on the type of material used and desired pore characteristics. 

Powder metallurgy with space holder technique possesses several advantages such as 

adjustable porosity proportion, appropriate pore distribution and pore size. Therefore, in this 

thesis, powder metallurgy with space holder technique is selected as production method. 

 

The general porosity produced by powder metallurgy techniques can provide to obtain the 

desired mechanical performances of the final product. It has also crucial effect on thermal and 

electrical conductivity, magnetic permeability, acoustic wave velocities, dielectric constant, 

diffusion coefficient, and biocompatibility features. (Ji et al., 2006). (see Fig. 2.57.). 

 

Pores inside the final product can markedly influence the density, strength, and other 

properties. To control pore characteristics such as distribution, size and structure, various 

factors or parameters need to be considered in powder metallurgy techniques. The pore 
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characteristics can determine the general porosity level, morphology, size, distribution, and 

shape of pores. 

 

Powder type: The characteristics of powder material can play a crucial role in the final product 

manufactured with powder metallurgy techniques. Powder type should be carefully selected 

based on its size, shape, and composition. Especially, powders having irregular shapes may 

cause more significant pore formation on the material. 

 

Powder packing: Compacting can make metallurgic bond between particles. This bond 

provides sufficient strength for sintering stage. Therefore, appropriate compaction is critical. 

There are several compaction techniques.  

 

Sintering conditions: Sintering temperature and time play vital role in general porosity. Higher 

temperatures and longer sintering times can result in materials with fewer pores. Noted that it 

may lead to over-sintering. Therefore, there is a sensitive balance between sintering 

conditions and pore formation. 

 

 

Figure 2.57. Schematic pore types (Nuilek, 2020). 

 

The pore model that gives ideal particle packaging is recommended for improved mechanical 

behaviours for biomaterial applications. Therefore, there is a delicate balance between the 

porosity and mechanical properties of the biomaterial. The most significant aspects are the 

distribution, morphology, and control of porosity, which is essential for ingrowth and 

osteogeneses. In the literature, many production methods offer differing pore types. 

Fabrication of biomaterial with such porosity can be achieved by conventional powder 

metallurgy or by combining it with the space holder technique. The porous biomaterial 

produced by this method is based on numerous parameters influencing the packing of 
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particles, such as compaction pressure, sintering temperature, and time. These parameters 

may ensure limited porosity for bone ingrowth and adjusting mechanical properties. Recently, 

the powder metallurgy method with space holder is being used since it has advantages like 

adjustable porosity proportion, appropriate pore distribution and pore size. Pore 

characteristics can be controlled by removing the space holder agent. Desirable morphology 

can be achieved in the microstructure (Esen, 2007). 

 

2.3.3. The Space Holder Technique 

To achieve complex geometries with a controlled porosity, the space holder technique can be 

applied with different supporting technologies such as powder compaction (PC), additive 

manufacturing (AM), and metal injection moulding (MIM) and 3D printing. This can be 

employed for different applications; these are biomedical implants and aerospace 

components. The space holder technique has been accepted as one of the reliable methods 

for the fabrication of metallic biomedical scaffolds. 

 

Various types of biomaterials can be produced with powder metallurgy methods. With the 

parameters of powder metallurgy methods such as blending/mixing, compacting, sintering 

temperature and time, general porosity levels and pore sizes achieved in the article are limited. 

However, alloys with greater porosity levels and large pore sizes can be fabricated by powder 

metallurgy with the space holder technique. The literature reports several types of space 

holder agents: polymer particles or hollow polymer spheres, ceramic particles or hollow 

spheres, salts, and some metals. While using the space holder technique, some binders such 

as methylcellulose, PEG4000, and carboxymethyl cellulose (CMC) can be also used. These 

binders are generally removed by evaporation before the sintering stage. 

 

The space holder agents are mixed with the metal powders used in the article to mechanically 

establish a bond with the metal powders. Later, the powder and space holder mixtures are 

pressed to give them the required strength for the sintering stage (Gibson, 2000). Lastly, the 

space holder agent is slowly removed from the compacts (bulk) to generate the required 

porosity in the microstructure. Processes for removal of the space holder agent from the bulk 

material include heat treatment, using an aqueous solvent or leaching in water or solution. 

 

Titanium and its alloys are widely used in biomedical applications. In this regard, porosity 

characteristics such as type of pore, pore size and pore distribution should be adjusted 

according to the natural bone structure to be mechanically compatible (Kokubo and 

Yamaguchi, 2009; Mutlu, 2013). Some space holder agents can be added to titanium and its 

alloys produced by conventional powder metallurgy to achieve desired mechanical properties 
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and porous structure; thus, different porosity levels and pore dimensions can be obtained, 

which is beneficial in the production of biomedical nanocomponents designed to be compatible 

with bone tissue. However, to achieve the target properties for titanium and its alloys used in 

biomedical applications, one of the major criteria is the selection of the appropriate space 

holder. Here, the space holder agent should not react with the titanium matrix; should not 

produce any residue or contaminate the titanium matrix and should have sufficient strength 

properties so that it cannot be deformed during compaction operation. 

 

Titanium and its alloys fabricated by powder metallurgy combined with the space holder 

technique are not frequently used. Some studies are listed below. 

 

According to Bram et al., titanium-based alloys studied in their work were separately mixed 

with the addition of 60, 70 and 80 wt.% spherical and angular carbamide particles. The 

blended carbamide/titanium powders were compacted under 166 MPa and the space holder 

agent was then removed from the titanium compacts by using a thermal treatment below 200 

°C. After removing the space holder, the green titanium compacts were sintered at 1200 °C 

and 1400 °C for two hours. The general porosities obtained were about 60% for 1400 °C and 

80% for 1200 °C. Based on the shape of the space holder agents used, differing porous 

structures were achieved (see Fig. 2.58.) (Bram et al., 2000). 

 

 

Figure 2.58. The morphology of pore structures achieved (a: spherical carbamide, b: angular 

carbamide) (Bram et al., 2000). 

 

Titanium foam was produced by using ammonium hydrogen carbonate particles as a space 

holder agent. After the removal space holder agent, titanium foam was sintered at 1200 °C for 

two hours. The general porosity obtained in titanium foam was 79%. The elastic modulus and 

compressive strength of titanium foams were determined as 5.3 GPa and 35 MPa, 

respectively, which showed that these mechanical properties of titanium foam were close to 
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the mechanical properties of bone. On the other hand, no carbonate particle of ammonium 

hydrogen contamination was found in titanium foams (Willie et al., 2010). 

 

Kennedy manufactured titanium scaffolds by using polymer granules as a space holder. The 

polymer granules were removed from titanium scaffolds at 130 °C. Titanium scaffold compacts 

were sintered at 1100 °C and 1250 °C. The tensile strength of titanium scaffolds was 0.3 GPa 

for 1100 °C and 16 GPa for 1250 °C, while the elastic modulus values for titanium scaffolds 

sintered at 1100 °C and 1250 °C were 1.5 MPa and 30 MPa, respectively. As foreseen, the 

general porosities achieved in titanium scaffolds adversely affected the mechanical properties 

(Kennedy, 2012). 

 

In another study regarding titanium foams produced as a load-bearing implant material, 

ammonium hydrogen carbonate was used as a space holder agent. Titanium foams produced 

exhibited open cellular-pore morphology. General porosities for titanium foams were in the 

range of 35% to 80%; pore sizes were between 200 μm and 500 μm (Wen et al., 2002). 

 

Titanium foams were manufactured by powder metallurgy with the space holder technique 

(ammonium hydrogen carbonate, and carbamide). The mixtures of space holder agents and 

titanium powders were compacted under 100 MPa. Then, the space holder agent was 

removed from the titanium compacts at 200 °C for two hours. As a result, titanium foams with 

porosities between 78% and 87% were fabricated. The macro pore sizes of titanium foams 

achieved were between 200 μm and 500 μm. Large pores deteriorated the mechanical 

properties of titanium foams (Wen et al., 2001). 

 

Imwinkelried used ammonium hydrogen carbonate as a space holder agent to produce open-

pore titanium foams. Titanium powder and ammonium hydrogen carbonate powder were 

mixed in tumbling glass bottles and then compacted. The ammonium hydrogen carbonate 

powder was removed from the compacts by heat treatment applied at 95 °C for twelve hours. 

Here, general porosities for titanium foams were in the range of 50% to 80%. Pore sizes were 

between 100 μm and 500 μm (Imwinkelried, 2007). 

 

Li and Zhu manufactured titanium foams with controlled porosity and pore size. Carbamide 

powder (urea) as a space holder was removed from titanium foams at 200 °C for two hours. 

Sintering was done at 1200 °C for four hours under an argon gas environment. As a result, 

porosity and pore size could be controlled by the presence of urea powders (Li and Zhu, 2006). 
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In a study conducted by Wen et al., titanium-zirconium alloy foams were produced as load-

bearing implant material. Afterwards, titanium initial powder, zirconium initial powder and 

ammonium hydrogen carbonate powder used as space holder were mixed and then 

compacted under 200 MPa. Ammonium hydrogen carbonate powder was removed by thermal 

treatment carried out at 200 °C for five hours. Lastly, the sintering stage was performed at 

1300 °C for two hours in a vacuum furnace. The resulting titanium-zirconium foams exhibited 

interconnected pore structures that can mimic the human bone. Pore sizes for the alloys 

obtained were between 200 μm and 500 μm (Wen et al., 2006). 

 

In titanium foams, the polymeric space holder agents have limited usage due to their 

contaminations during the removal step or decomposition from the compacts. Rausch and 

Banhart used polymer granules as a space holder agent to produce porous titanium samples. 

The removal step of polymer granules was done by a chemical process at 130°C. Afterwards, 

porous titanium samples were sintered at 1100°C and 1250°C in a vacuum furnace. In 

conclusion, porosities obtained were 55% for 1400°C and 80% for 1100°C. The pore sizes 

were 200 μm for 1400°C and 300 μm for 1100°C (Fujii et al., 2022). 

 

Some space holder agents used in the production of porous titanium and its alloys may cause 

undesirable residues or some interstitial elements such as oxygen, hydrogen, and nitrogen in 

the structure, which may deteriorate the mechanical properties of titanium and its alloys by 

changing its phase constituent in the microstructure. However, metallic space holder agents 

do not cause any residues in the microstructure. Since magnesium exhibits limited dissolution 

characteristics in titanium, magnesium could be used as a space holder (see Fig. 2.59.). The 

mixed titanium-magnesium powders were hot compacted below the melting point of 

magnesium. Afterwards, magnesium powders were removed from the compact titanium and 

Ti-6Al-4V alloy at 1000°C in a vacuum furnace. The sintering process was performed at 

1400°C. The resulting general porosity values for the titanium and Ti-6Al-4V alloy produced 

were 25% and 82% (Ju et al.,2022). 
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Figure 2.59. Equilibrium phase diagram for titanium-magnesium (Ju et al.,2022). 

 

In another study, magnesium was employed as a space holder agent in the manufacturing of 

porous titanium and its alloys. Titanium powder and magnesium powder with amounts of 5% 

and 75% were mixed in a specially designed container. Then, polyvinyl alcohol was added to 

the mixtures as a binder. Afterwards, the paste prepared was applied to surface of titanium 

and its alloys. The surfaces coated were heated to 650°C and 800°C in a vacuum furnace. In 

that case, titanium and magnesium adhered to the substrate. Magnesium was then used as a 

space holder agent and was removed from the substrate surface at 1000°C by immersion in 

an acid solution (Liu et al., 2023). 

 

2.3.4. Porous Structure for Bone Fixation 

In implantology, cement or screws are generally employed for the early fixation of metallic 

implant material (Hong et al., 2008). Bone cement possesses several important functions, 

primarily in the fixation of implants and the stabilization of bone structures. The most common 

type of bone cement used in orthopaedics is polymethyl methacrylate (PMMA). (Tuncer, 

2011). Unfortunately, this fixation strategy may generate a mismatch in stiffness between the 

implant and the surrounding bone. Here, additional operations may be required. Therefore, 

cementless replacements of porous orthopaedic biomaterial allowing bone ingrowth and body 

fluid transport within the pores have recently become the focus of attention (see Fig. 2.60.). 

Recently, the use of cementless replacements has increased because of reductions in 

thromboembolic disease, fat embolisms, and healing time. 
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Figure 2.60. Cemented and cementless implants (Tuncer, 2011). 

 

Based on the literature, a porous structure may enhance the mechanical and chemical bond 

between the orthopaedic biomaterial and the bone tissue for bone ingrowth (Baldissera et al., 

2011). In general, porous implant materials can be categorised as fully porous implants and 

solid implants coated with a porous structure. The literature shows many studies on the 

benefits of porous implants for bone ingrowth (Bhattarai et al., 2008). Previous studies have 

shown that implants with porous structures can also meet the requirements for bone 

infiltration. This promotes cell proliferation and nutrient and oxygen transport since porous 

structures within implants can provide adequate sites (Lee et al., 2008; Li et al., 2009). A 

general porosity level with macropore sizes in the range of 100 μm to 600 μm can promote 

bone ingrowth, and a general porosity level with micropore sizes up to 20 μm can allow 

osteoconductive (Xiang et al., 2012; Asık and Bor, 2015; Arifvianto et al., 2016). 

 

As mentioned previously, general porosity is essential for reducing the mechanical mismatch 

between the implant and bone tissue (Xiang et al., 2012). With the volume fraction of porosity 

in implant material, mechanical properties such as elastic modulus, yield strength and 

compressive strength can be adjusted effectively. Today, porosity adjustments can be made 

in the range of 50% to 80% by using differing production techniques. Further, the density of 

the implant material can be adjusted by altering the general porosity, which makes it closer to 

the density of bone. Thus, abrasion between implant and bone can be minimised by matching 

densities (Oppenheimer and Dunand, 2010; Lee et al., 2014). The general porosity of the 

implant material may eliminate the stress-shielding effect. In addition, adjusting general 

porosity level and pore sizes maintain the implant structure and stability (Esen and Bor, 2011; 

Monda et al., 2015). 
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2.3.5. Advantages and Disadvantages of Powder Metallurgy 

Powder metallurgy has many advantages and limitations compared to other material 

production methods. 

 

Advantages (Angelo et al., 2022): 

• Minimal material loss or efficient use of materials (above 95%) 

• Good surface quality 

• Enables mass production 

• Enables the production of refractory materials 

• Close tolerance or near net shape 

• Environmentally friendly 

 

Limitations (Ak, 2014): 

• High investment cost 

• Powder preparation 

• Lower ductility and strengths compared to full-dense or stiff material 

• Difficulty in manufacturing large and complex-shaped parts 

• Non-uniform structure 

 

2.4. Summary 

Porous titanium-based alloys are primarily composed of titanium with the addition of other 

elements such as aluminium, nickel and vanadium. However, some studies have shown that 

some alloyant elements may have detrimental influence for human body when implanted. In 

this thesis, it was aimed to produce aluminium, nickel, and vanadium- free titanium-based 

alloys. In this context, niobium and zirconium were used as alloying elements. 

 

The porous structure of orthopaedic implants refers to a deliberate design feature. This 

porosity can be achieved through various techniques such as powder metallurgy, foaming, or 

additive manufacturing. The pores create an interconnected network within the implant, which 

is essential for bone ingrowth and other cellular activities. Also, porosity formation reduces the 

mechanical mismatch between orthopaedic implant and bone by lowering mechanical 

properties. In this thesis, titanium-based alloys with different porosity ratios were produced to 

see the effect of porosity on cellular activities and mechanical properties. 
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Chapter 3. Materials and Methodologies 

This chapter describes the powder metallurgy method and procedures. To facilitate the 

metallurgical observation, sample preparation methods and their procedures are illustrated. 

Characterisation and quantification techniques used in the experiment are also introduced. 

 

In this thesis, experimental investigations were performed to develop new aluminium, nickel, 

and vanadium-free titanium-based alloys fabricated via powder metallurgy combined with the 

space holder technique and to better understand the sintering behaviour, microstructural and 

mechanical properties of the porous alloys. To investigate the effect of niobium and zirconium 

added to the titanium matrix, porous Ti-xNb (x: 10, 20 and 30; at.%), Ti-20Zr (at.%) and Ti-

xNb-10Zr (x: 10 and 20; at.%) alloys were chosen. Each alloy was separately mixed with the 

addition of a 20 wt.% space holder agent (Ammonium bicarbonate: NH4HCO3) to generate 

higher porosities. Thus, the influence of general porosities on microstructural, and mechanical 

properties was also evaluated experimentally. 

 

On the other hand, in vitro studies such as cell viability and proliferation, adhesion potential, 

and genotoxicity were examined by performing MTT assay, fibronectin adsorption, and 

plasmid-DNA interaction assay. The chemical formulas of porous alloys manufactured by 

powder metallurgy method with space holder technique and process parameters used in this 

thesis are given in Table 3.1. According to this concept, porous alloys with space holder 

agents are classified as high porous alloys, while porous alloys without space holder agents 

are categorised as low porous alloys. 
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Table 3.1. Chemical formulas of the alloys and process parameters used in this thesis (SH: 

space holder agent). 

 

Alloy 

group 

Chemical 

formula (at.%) 

Mixing 

time 

(h) 

Compaction 

pressure 

(MPa) 

Sintering 

temperature 

(⁰C) 

Sintering 

time (h) 

 

 

 

Low 

porous 

alloys  

Ti-10Nb 10 300 1200 6 

Ti-20Nb 10 300 1200 6 

Ti-30Nb 10 300 1200 6 

Ti-20Zr 10 300 1200 6 

Ti-10Nb-10Zr 10 300 1200 6 

Ti-20Nb-10Zr 10 300 1200 6 

 

 

 

 

 

 

Highly 

porous 

alloys  

Ti-10Nb + 20 

(wt.%) SH 
10 300 1200 6 

Ti-20Nb + 20 

(wt.%) SH 
10 300 1200 6 

Ti-30Nb + 20 

(wt.%) SH 
10 300 1200 6 

Ti-20Zr + 20 

(wt.%) SH 
10 300 1200 6 

Ti-10Nb-10Zr + 

20 (wt.%) SH 
10 300 1200 6 

Ti-20Nb-10Zr + 

20 (wt.%) SH 
10 300 1200 6 

 

Commercially pure titanium initial powder (purity: 99.5%, particle size: 44 µm, Alfa Aesar), 

commercially pure zirconium initial powder (purity: 99.7%, particle size: 23 µm, Alfa Aesar), 

and commercially pure niobium initial powder (purity: 99.8%, particle size: 35 µm, Alfa Aesar) 

were employed to produce the low and highly porous Ti-xNb, Ti-20Zr and Ti-xNb-10Zr alloys. 

Ammonium bicarbonate (NH4HCO3) (purity: 99%, Fisher) was also used as a space holder 

agent. The elemental analysis of titanium, niobium, and zirconium initial powders is given in 

Table 3.2. 
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Table 3.2 The elemental analysis of titanium, niobium, and zirconium initial powders used in 

the experiment. 

Initial 

powders 

Elements (wt.%) 

Ti Nb Zr Hf N C H Fe O 

Titanium Bal - - - 0.03 0.1 0.015 0.2 0.18 

Niobium 0.02 Bal 0.02 0.02 0.01 0.01 0.0015 0.005 0.015 

Zirconium - - Bal 4.5 0.025 0.05 0.005 0.2 0.16 

 

The experimental procedure of the present study is summarised in the flow chart shown in 

Fig. 3.1. 

 

 

Figure 3.1. The flow chart of the experimental procedures used. 
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3.1. Design and Manufacturing of Steel Die Tool 

A cylindrical steel die tool was designed for compressive tests and other metallographic 

examinations according to EN 24506 standards. The constructive shape of the steel die tool 

used in the experiment are shown in Fig. 3.2. 

 

  

 

 

Figure 3.2. Constructive shape of the steel die tool used in the experiment. 

 

All parts of the steel die tool were made from AISI 1010 (plain carbon steel). The elemental 

analysis of the plain carbon steel is shown in Table 3.3. The inner die parts and rigid punches 

were prepared by grinding and polishing to improve their surface qualities for sample 

production. 
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Table 3.3. The chemical composition of plain carbon steel (Maity, J., & Sharma, 2023). 

Element C Si Mn Cr S Fe 

wt.% 0.12 0.09 0.43 0.06 0.01 Bal. 

 

3.2. Sample Production 

3.2.1. Calculation of Mixing Ratios 

The powder preparation is the first step of sample production in powder metallurgy before 

blending. Eqs. (3.1) can be used to convert the values given in atomic ratios (at.%) to weight 

ratios (wt.%). Titanium, niobium, and zirconium initial powders were prepared according to the 

nominal formulas given in Table 3.1. 

 

XTi

mTi ∗ N

ATi
          and          % XTi =

XTi

XTi + YNb + ZZr
∗ 100                                                              (𝟑. 𝟏𝐚. ) 

 YNb

mNb ∗ N

ANb
          and           % YNb =

YNb

XTi + YNb + ZZr
∗ 100                                                         (𝟑. 𝟏𝐛. ) 

ZZr

mZr ∗ N

AZr
           and          % ZZr =

ZZr

XTi + YNb + ZZr
∗ 100                                                             (𝟑. 𝟏𝐜. ) 

 

XTi = Weight percentage of titanium 

YNb = Weight percentage of niobium 

ZZr = Weight percentage of zirconium 

mTi = Atomic percentage of titanium 

mNb = Atomic percentage of niobium 

mZr = Atomic percentage of zirconium 

N = Avogadro's number 

ATi = Atomic mass of titanium 

ANb = Atomic mass of niobium 

AZr = Atomic mass of zirconium 
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The chemical compositions in weight percentage (wt.%) are shown in Tables 3.4, 3.5. and 

3.6. 

 

Table 3.4. The chemical composition of binary titanium-niobium alloys in weight percentage 

(wt.%). 

Alloy type (at.%) 
Composition of elements (wt.%) 

Ti Nb NH4HCO3 

Ti-10Nb 82.28 17.72 - 

Ti-20Nb 67.32 32.68 - 

Ti-30Nb 54.61 45.39 - 

Ti-10Nb + 20 SH 65.82 14.18 20 

Ti-20Nb + 20 SH 53.86 26.14 20 

Ti-30Nb + 20 SH 43.69 36.31 20 

 

Table 3.5. The chemical composition of binary titanium-zirconium alloys in weight percentage 

(wt.%). 

Alloy type (at.%) 
Composition of elements (wt.%) 

Ti Zr NH4HCO3 

Ti-20Zr 67.73 32.27 - 

Ti-20Zr + 20 SH 54.18 25.82 20 

 

Table 3.6. The chemical composition of ternary titanium-niobium-zirconium alloys in weight 

percentage (wt.%). 

Alloy type (at.%) 
Composition of elements (wt.%) 

Ti Nb Zr NH4HCO3 

Ti-10Nb-10Zr 67.58 16.37 16.05 - 

Ti-20Nb-10Zr 54.75 30.35 14.90 - 

Ti-10Nb-10Zr + 20 SH 54.06 13.1 12.84 20 

Ti-20Nb-10Zr + 20 SH 43.8 24.28 11.92 20 

 

3.2.2. Mixing 

In this thesis, titanium, niobium, and zirconium initial powders with the nominal compositions 

given in Tables 3.4, 3.5 and 3.6 were weighed by a precision scale with a sensitivity of 0.1 

mg (shown in Fig. 3.3). Afterwards, they were mixed using a powder blending apparatus at a 

rotation rate of 24 rpm for ten hours in a specially designed container to ensure compositional 
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homogeneity (see Fig. 3.4). In addition, ammonium bicarbonate powder used as a space 

holder agent was added to each porous alloy to generate extra porosity. A small piece of sieve 

made from stainless steel was placed inside the specially designed container to prevent 

agglomeration during the mixing procedure. 

 

 

Figure 3.3. The precision scale. 

 

 

Figure 3.4. The powder mixing apparatus. 

 

3.2.3. Compacting 

After the mixing stage, the powder mixtures were charged into the cylindrical steel die tool with 

a size of Φ10 mm. The cylindrical steel die tool was then placed in the chamber of the universal 

tension-compressive test machine and positioned as shown in Fig. 3.5. The powder mixtures 

in the cylindrical steel die tool were compacted under a pressure of 300 MPa by using a 100 

kN capacity universal tension-compressive test machine (Zwick/Roell Z600) at a compaction 
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rate 0.1 mm/min, following EN 24506 standards. All compacting procedures were performed 

with three samples at room temperature. As a result of this procedure, cylinder-shaped green 

(unsintered) compacts with a size of Φ10mm x 15mm were manufactured. 

 

 

Figure 3.5. The universal tension-compressive test machine. 

 

3.2.4. Sintering 

The digitally controlled furnace used for sintering is shown in Fig. 3.6. Two sintering stages 

were applied in this thesis. In the first stage, low porous test (green) alloys briquetted or 

compacted were only heated to 1200°C at 5°C / min and kept for six hours. This sintering 

temperature was determined from other studies on porous titanium-based alloys used as 

orthopaedic implant. Throughout the sintering, the furnace worked under gas sintering 

conditions by using argon gas so that green alloys did not react with gases in the air at high 

temperatures. The graph of the sintering regime for low porous alloys is given in Fig. 3.7. 

 



84 
 

 

Figure 3.6. The digitally controlled furnace. 

 

 

Figure 3.7. The graph of the sintering regime for low porous alloys. 

 

In the second stage, highly porous alloys were sintered in two steps. In the first step, they 

were held at 180°C for two hours to remove the ammonium bicarbonate (NH4HCO3) from the 

green compacts. Afterwards, like the sintering regime of the low porous alloys, highly porous 

alloys were heated to 1200°C at 5°C/min and kept for six hours in an argon atmosphere. The 

graph of the sintering regime for the highly porous alloys is given in Fig. 3.8. 

 

 

Figure 3.8. The graph of the sintering regime for highly porous alloys. 
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After the sintering of the low and highly porous alloys, they were cooled to 200°C at 5°C/min. 

Thus, low, and highly porous alloys with different chemical compositions and porosities were 

achieved. Macro images of the low and highly porous alloys produced by the conventional 

sintering technique with the space holder technique for the compressive test, other 

metallographic analysis, and biocompatibility test in vitro are shown in Fig. 3.9. 

 

.  

Figure 3.9. Macro images of the low and highly porous alloys sintered at 1200°C for six hours 

((a) low porous alloys: (b) highly porous alloys). 

 

3.3. Metallographic Preparation 

3.3.1. Grinding and Polishing 

For metallographic examination, the low and highly porous alloys sintered at 1200°C for six 

hours were cut from various areas, depending on the observation needs. The all-porous alloys 

were then mounted using a Simpli-Met 3000 mounting machine (Buehler, UK). The 

metallographic preparation route is shown in Table 3.7. The surface preparation of the porous 

alloys was performed by wet grinding with a series of silicon carbide (SiC) abrasive papers to 

4000 grits. To achieve the desired surface quality, the polishing process was done by using a 

piece of fabric and 0.04 μm SiO2 OP-S (water-based SiO2 suspension). The polished alloys 

were cleaned ultrasonically in ethanol to eliminate impurities and dried by air blowing. 
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Table 3.7. The metallographic sample preparation route used in the experiment. 

Abrasive 
Force 

(N) 

Time 

(min:sec) 

Rotation 

speed (rpm) 

Rotation 

direction 

(base/head) 

 Base Head 

P320 SiC 25 Until flat 300 50 >> 

P800 SiC 20 5:00 150 50 >> 

P1200 SiC 20 5:00 150 50 >> 

P4000 SiC 20 5:00 150 50 >> 

0.04μm 

SiO2 OP-S 
15 12:00 150 50 > < 

All consumables were provided by Brunel University London Labs. 

 

3.3.2. Chemical Etching 

All-porous alloys presenting morphology faceted are remarkably anisotropic along different 

crystal orientations. This may make it difficult to characterise their morphologies through 2-D 

observation. For this reason, the 3-D morphologies of the alloys sintered at 1200°C for six 

hours were characterised by a chemical etching process. The station of chemical etching was 

set up as given in Fig 3.10. The porous alloy surfaces were subjected to water-based Keller’s 

solution (190 ml H2O, 5 ml HNO3, 3 ml HCl and 2 ml HF) for about six to ten seconds at room 

temperature to reveal their microstructures (Qu et al., 2016). Afterwards, the porous alloys 

were taken from the Keller’s solution and cleaned well with ethanol (C2H5OH) before drying in 

a hot air stream. 

 

 

Figure 3.10. A schematic illustration of the chemical etching station. 
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3.4. Calculation of General Porosity Ratio 

To determine the porosity ratio (open and closed pores) (ɛ) of the low and highly porous alloys 

sintered at 1200°C for six hours, the theoretical and the sintered (bulk) densities were 

employed. Normally, the theoretical density of an element is calculated by using the number 

of atoms in the unit cell, atomic mass, and lattice parameters, but it is hard to say the same 

for an alloy. This is because the alloy can contain various phases and compounds in its 

microstructure. These phases and compounds may cause distortions in the lattice parameters. 

Therefore, the theoretical density (𝜌𝑜) of the alloy can be calculated from the atomic mass and 

specific density of individual elements making up the alloy, as indicated in Eq. (3.2). The 

sintered (bulk) density of the alloy or element is determined from its mass-to-volume ratio (see 

Eq. (3.3)). To calculate the volume of the porous alloys, the cylinder volume formula (V=π * r2 

x h) was used since the final products achieved in this thesis have a cylindrical shape. The π, 

r and h are pi (3.14), radius (cm) and height (cm), respectively. To see the mass value, each 

porous alloy was weighed by a precision balance with a sensitivity of 0.1 mg (shown in Fig. 

3.3) and the sintered (bulk) density values were calculated directly from the mass-to-volume 

ratio. Lastly, the porosity ratio (ɛ) of the low and highly porous alloys sintered at 1200°C for six 

hours were separately calculated for each alloy by using theoretical density and sintered 

density values (see Eq. (3.4)) (Li et al., 2000; Çakmak et al., 2022). The porosity ratio results 

are the arithmetic average of three measurements of the same low and highly porous alloys 

sintered at 1200°C for six hours. 

 

ρo =
mTi + mNb + mZr

VTi + VNb + VZr
                                                                                                                          (𝟑. 𝟐. ) 

ρo =
m

V
                                                                                                                                                       (𝟑. 𝟑. ) 

ɛ = (1 −
ρ

ρo
) ∗ 100                                                                                                                                  (𝟑. 𝟒. ) 

ρo = Theoretical density (g/cm3) 

mTi : Mass of titanium used in the alloy (g) 

VTi : Volume of titanium used in the alloy (cm3) 

mNb : Mass of niobium used in the alloy (g) 

VNb : Volume of niobium used in the alloy (cm3) 

mZr : Mass of zirconium used in the alloy (g) 

VZr : Volume of zirconium used in the alloy (cm3) 

ρ = Sintered (bulk) density (g/cm3) 

m = Mass of the alloy (g) 

v = Volume of the alloy (cm3) 

ɛ = General porosity (%) 
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3.5. Metallographic Examinations 

3.5.1 Optical Microscopy 

Metallographic sections for OM and SEM were done by using the metallographic procedures 

mentioned in Section 3.3. The optical images of the porous alloys sintered at 1200°C for six 

hours were taken using a Zeiss Optical Axio Microscope A1 (Zeiss Group, Oberkochen, 

Germany) equipped with a Zeiss Axiocam ICc3 digital camera (Zeiss Inc., 2017) (seen in Fig. 

3.11). The optical microscope is connected to a camera and a computer. Thus, the Axiocam 

software installed gave wide observation possibilities. 

 

 

Figure 3.11. The Zeiss Optical Axio Microscope A1. 

 

3.5.2 Scanning Electron Microscopy and Energy Dispersive Spectrometry 

SEM examinations were performed using a Zeiss Supra 35 microscope (Zeiss Group, 

Oberkochen, Germany) equipped with an EDAX EDS (see Fig. 3.12.). Various signals on this 

device can be produced owing to the interaction between the beam and the sample. This 

provides detailed information about the grain size, grain boundaries, elemental analysis, and 

elemental distribution (Goodhew et al., 2000). SEM employed in this experiment has different 

operational modes like back scattered electron (BSE) and secondary electron imaging (SE). 
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Figure 3.12. The Zeiss Supra 35 microscope. 

 

3.5.3. Electron Backscattered Diffraction 

The low and highly porous alloys sintered at 1200°C for six hours were prepared using the 

metallographic procedures mentioned above. EBSD analysis was done by the Zeiss Supra 

35VP fitted with a high-sensitivity Digi View camera (EDAX Inc., NJ, U.S.), as shown in Fig. 

3.12, with EDAX TEAM 4.3 system (EDAX, 2017). During EBSD analysis, the working 

distance, accelerating voltage and condenser aperture employed were 12 mm, 20 kV and 

120μm, respectively, in high current mode. The step size selected was a range of 0.2 μm to 1 

μm according to the area size and grain size. 

 

3.5.4. X-ray Diffraction 

Crystallographic characterisations of the low and highly porous alloys sintered at 1200°C for 

six hours were performed by a Bruker D8 Advance Cu-Kα source (see in Fig. 3.13). X-ray 

diffraction (XRD) analysis was done on the surfaces of the polished alloys to get good 

diffraction peaks. The step size, acquisition time, and 2θ angle range used in this work were 

0.02˚, 1 second, and 30˚to 80˚, respectively. 
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Figure 3.13. Bruker D8 Advance XRD. 

 

3.6. Mechanical Tests 

3.6.1. Uniaxial Compressive Test 

The low and highly porous alloys sintered at 1200°C for six hours were prepared according to 

EN 24506 standards with dimensions of Φ10mm x15mm. The surfaces of the alloys were quite 

rough due to the presence of pores on the surface. Therefore, the surfaces of the alloys were 

mechanically ground with a series of SiC abrasive papers to 1200 grit before the compressive 

test. Mechanical testing was performed by uniaxial compression using samples of Φ10 mm × 

15 mm. The compression tests were carried out three times for each sample condition on in a 

universal tensile-compression testing machine (Zwick/Roell Z600) with a capacity of 100 kN, 

following EN 24506 standard. The elastic modules of the alloys achieved in this thesis were 

calculated from curves fitted to the linear elastic regions of the stress-strain curves. Also, the 

0.2% offset method was used to determine the compression yield strength values of the alloys. 

Lastly, based on the results of the experiments, comparisons were made with empirical and 

analytical models used for porosity-stress relations. 
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Figure 3.14. The Zwick/Roell Z600 test machine. 

 

3.7. Electrochemical Analysis 

For the electrochemical corrosion test, the low and highly porous alloys sintered at 1200°C for 

six hours were mechanically ground with a series of SiC abrasive papers to 4000 grit and then 

carefully cleaned in an ultrasonic bath. Afterwards, a potentiodynamic polarisation test 

equipment was carried out by using a potentiostat (EZstat) with an electrochemical flat cell 

(seen in Fig. 3.15). The alloys were exposed to HBSS (350 mL.cm-2, Fisher Scientific) at room 

temperature (25°C). The alloys were used as the working electrode (exposed area of 1 cm2). 

A standard calomel electrode (SCE) was selected as the reference electrode. Lastly, a plate 

of platinum was determined as a counter electrode. The Tafel curves of the alloys were 

scanned at a scan rate of 0.01 V.s-1 after open circuit potential measurements for 30 minutes. 

The scan range was chosen between -0.75 V and 1.25 V. Tafel curves were used to determine 

the corrosion current density (icorr), corrosion potential (Ecorr) and polarisation resistance (Rp) 

of the alloys sintered at 1200°C for six hours (Witte et al., 2006). 
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Figure 3.15. The potentiodynamic polarisation test equipment. 

 

3.8. Biological Evaluations of In Vitro Models 

In vitro studies such as cell viability and proliferation, adhesion potential, and genotoxicity were 

examined by performing MTT assay, fibronectin adsorption, and plasmid-DNA interaction 

assay following the ISO 10993-5 for the biological assessment of implantable devices. 

 

3.8.1. Sterilisation 

The low and highly porous alloys sintered at 1200°C for six hours were cut into discs of Φ8mm 

x 2mm in thickness. The surfaces of the alloy discs were mechanically ground with SiC up to 

2500 grits. For sterilisation, all alloy discs under consideration were placed in 70% (v/v) 

ethanol solution for two hours. Afterwards, the ethanol solutions were renewed and exposed 

to ethanol sterilisation for two more hours. The ethanol solutions were removed and dried 

completely. After that, the alloy discs were sterilised at 120°C by autoclaving for 30 minutes. 

Finally, they were washed four times with PBS (DPBS; pH: 7.4). 

 

3.8.2.  Cell Viability MTT Assays 

Cell culture conditions: Mouse fibroblast NCTC clone 929 cell line (L929) and human bone 

osteosarcoma cell line (Saos-2) were purchased from American Tissue Culture Collection 

(ATCC, VA, USA). The L929 and Saos-2 were grown in DMEM supplemented with 10% fetal 

bovine serum (heat-inactivated, Gibco, #10500-064), and 1% antibiotic-antimycotic solution 

(10,000 units/mL of penicillin, 10,000 µg/ml of streptomycin, and 25 µg/ml of Amphotericin B, 

Gibco, #15240-062) in a 37oC, 5% CO2 incubator. The medium was replaced with fresh DMEM 

every two days, and the cells were harvested with Trypsin-EDTA solution, 0.25% (Gibco, 

#25200-056) when they reached 70% to 80% confluency (Cetin et al., 2020). 
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In vitro biocompatibility of the low and highly porous alloys sintered at 1200°C for six hours 

was examined to assess the individual effects of zirconium and niobium concentrations in 

titanium matrix and the porosity ratio on cell viability compared to reference TiGR4 material 

by extract and direct contact methods, following ISO 10993-5. 

 

MTT assay extract method: The low and highly porous alloys sintered at 1200°C for six hours 

were sterilised at 120oC by autoclaving for 30 minutes and extracted at a ratio of 0.2 g/ml in 

DMEM at 37oC and 120 rpm for 72 hours. The L929 and Saos-2 cells were seeded at a cell 

density of 15 x 103 cells/well for one day of incubation, 6 x 103 cells/well for three days, and 

2.5 x 103 cells/well for seven days into a 96-well plate and incubated at 37°C and 5% CO2 for 

24 hours. The following day, 100 µl of extract from each sample was added to the cell 

monolayers and incubated at 37°C and 5% CO2 for one day, three days, and seven days. After 

each incubation period, the sample and control extracts were aspirated from each well and 

100 µl DMEM including 10% of 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium 

bromide, Thiazolyl blue (MTT, 0.5 mg/ml in DPBS), (Sigma-Aldhrich #M5655) was added. The 

cells were then incubated at 37oC and 5% CO2 for four hours. The formazan crystals formed 

due to the metabolic activity of live cells were then dissolved by adding 100 µl of DMSO to 

each well and placed in a shaker for two hours at room temperature. The absorbance of 

formazan production was measured at 570 nm to 630 nm by a Microplate reader (Biotek 

Instruments, Inc., USA). The images were taken under a microscope with 10X magnification 

(Leica DMI 6000). The absorbance of the treated cells was normalised to the control cells and 

cell viability was then calculated as the percentage of the control. 

 

MTT Assay Direct Contact Method: The low and highly porous alloy discs (cut into 8 mm 

diameter x 2 mm thickness discs) were prewashed with DPBS and placed in the wells of a six-

well plate. L929 and Saos-2 cells were seeded at a cell density of 4 x 105 cells/well for one 

day of incubation, 2 x 105 cells/well for three days, and 1 x 105 cells/well for seven days into 

the six-well plate and incubated at 37°C and 5% CO2 for 24 hours. Cell densities were 

determined by counting cells onto the haemocytometer grids under inverted microscope after 

obtaining the homogenous cell suspension (see Table 3.8.). Cell densities were higher in 

seven days incubation period due to doubling time of the cells. Doubling time of L929 and 

Saos-2 are 24 hr and 36 hr, respectively, therefore they could be divided 6 and 4 times. 

Seeding cell densities were determined upon seeding cells with serial dilutions and incubated 

at the same testing period. Then the seeding cell number was chosen at exponential phase of 

the cell growth curve. According to the graph, seeding cell number for each cell and each 

incubation time were determined. 
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Table 3.8. Seeding cell number for each cell and each incubation time. 

Cells 1-day 3-day 7-day 

L929 10x103 6x103 2.5x102 

Saos-2 15x103 7x103 3x103 

 

Following each incubation period, fresh DMEM including 10% of MTT reagent (0.5 mg/ml in 

DPBS) was added. The cells were then incubated at 37oC and 5% CO2 for four hours. To 

observe the violet formazan crystals formed by viable cells, the images were taken under a 

fluorescence microscope using 10X magnification. Then the formazan crystals were dissolved 

by adding 500 µl of DMSO to each well and placed in a shaker for two hours. The cytotoxic 

effects of the samples directly contacted with the cells were examined by analysing the 

intensity of formazan crystals formation in each well compared to the reference dental implant 

and negative control. 

 

3.8.3. Live-Dead Viability/Cytotoxicity Assay 

The Cell Imaging Kit is a sensitive two-colour fluorescence cell viability assay optimised for 

FITC and Texas Red™ filters. It allows discrimination between live and dead cells with two 

probes that measure recognised parameters of cytotoxicity and cell viability-intracellular 

esterase activity and plasma membrane integrity. The cell viability test kit (Molecular Probes 

#L3224) is based on measuring cell viability-intracellular esterase activity with intensely green 

fluorescent calcein (ex/em ~495 nm/~515 nm) retained in the live cells and plasma membrane 

integrity with ethidium homodimer, EthD-1 (ex/em ~495 nm/~635 nm) bound to the nucleic 

acids in the membrane-damaged dead cells. 

 

Live-dead viability extract method: Parallel to the MTT cell viability assay, after each incubation 

period, the cells were washed twice with DPBS to remove serum esterase activity and 100 μl 

of DPBS including 2 μM calcein AM and 4 μM EthD-1 was added on the cell monolayers and 

incubated for 30 to 45 minutes at room temperature. The images were taken under a 

fluorescence microscope (Leica DMI 6000) using 10X magnification. 

 

Live-dead viability direct contact assay: The low and highly porous alloy discs were placed 

into each well of a six-well plate. Following each incubation period, the cell monolayers were 

washed twice with DPBS to remove serum esterase activity, and 2 μl of DPBS including 2 μM 

calcein AM and 4 μM EthD-1 was added to the wells. The plates were incubated for 30 to 45 

minutes, and the images were taken under a fluorescence microscope using 10X 

magnification. 
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3.8.4. Fibronectin Adsorption 

Cell adhesion and growth over biomaterials are strongly influenced by the adsorption and 

conformation of adhesive proteins from blood and extracellular matrix, such as fibronectin 

(FN). Specific adsorption of fibronectin was evaluated by a modified enzyme-linked 

immunosorbent assay (ELISA) method, as described in the literature (Kohavi et al., 2013). 

First, 24-well ELISA plates were coated with 250 µl of 1% Bovine serum albumin (BSA) 

dissolved in the PBS and incubated at 37°C for hours. An ELISA's requirement is that it must 

be specific for the target, and the capture antibody provides this specificity. Therefore, 

selecting validated antibodies that are extremely specific for the analyte is one way to achieve 

specificity. Fibronectin adsorption assay was performed to evaluated adherence potential of 

the disc. Then the BSA solution was aspirated from each well and the plate was incubated at 

+4°C overnight. The following day, FN solution (2.5 µg/ml in PBS, Sigma) in 550 µl was added 

to the alloy disks and the TiGR4 reference disks in the 24-well plate and incubated for two 

hours at 37°C in a 5% CO2 atmosphere. After washing with PBS, the samples were blocked 

with 1% (w/v) BSA solution incubated for two hours at 37°C and then washed with PBS. Later, 

550 µl primer monoclonal anti-fibronectin antibody (dilution 1:10000, Sigma) was added to 

each well overnight at 4°C for one hour, followed by washing three times with PBS. Then, 550 

µl of secondary antibody (goat anti-mouse immunoglobulin G conjugated with horse radish 

peroxidase, dilution 1:30000, Sigma) was added and incubated at 4°C and 37°C for 30 

minutes. Following the washing with PBS three times, 550 µl of stop solution, 3,3′,5,5′-

Tetramethylbenzidine in 200 µg/ml (TMB for ELISA, Sigma) was added to the wells and the 

formation of blue colour was observed. Then 275 µl 2M H2SO4 was added to the wells. 

Colourimetric detection was performed by reading the absorbance of the colour intensity 

measured spectrophotometrically at 450 nm. The experiments were repeated in triplicate. 

 

3.8.5. Plasmid-DNA Interactions (Genotoxicity) 

The pBOS-H2B-GFP plasmid (5.8 kb, BD Pharmingen William Saunders) was employed for 

the assay (grown in E-coli and purified using Machery Nagel DNA isolation kit). Each low and 

highly porous alloy extract was incubated with 200 ng of plasmid DNA in ddH2O for 16 hours 

at ambient temperature (25°C) in a total reaction volume of 20 ml. The alloys and controls 

were electrophoresed on 1% agarose gels at 100 V for one hour using a TAE buffer. The gel 

was stained by using ethidium bromide. The photos of the bands were taken by the ChemiDoc 

imaging system (BioRad). 

 

When uncut plasmid DNA is isolated and run on an agarose gel, plasmid DNA can exist in 

three conformations. These are supercoiled DNA, open-circular DNA, and linear DNA (see 

Fig. 3.16.). These bands can represent different conformations of plasmid DNA. Normally, 
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nicked circle and supercoiled are naturally occurring. However, other DNA forms can be non-

genotoxic and biosafe. How these forms will appear on the agarose gel (in terms of relative 

migration rates) is shown in the diagram below. In supercoiled DNA, migration of the plasmid 

is fastest on the agarose gel, followed by linear and nicked molecules. 

 

.   

Figure 3.16. Different plasmid conformations (Te Riele, et al., 1986). 

 

3.8.6. Morphology Observation of Cells: SEM 

The morphologies of the L929 and Saos-2 cells were seeded on low and highly porous discs 

at a cell density of 4 x 105 cells/well for one day of incubation, 2 x 105 cells/well for three days, 

and 1 x 105 cells/well for seven days into a six-well plate and incubated at 37°C and 5% CO2. 

After each incubation period, the cells were fixed in buffered 4% formaldehyde/2.5% 

glutaraldehyde solution overnight for 16 hours. Alcohol of various concentrations was then 

added to dehydrate the sample for 10 to 15 minutes. The cell morphologies of all discs were 

observed by SEM (Zeiss EVO MA10). 

 

3.8.7. Statistical Analysis 

Statistical analysis was performed using GraphPad Prism 8.0.2 and the statistical differences 

were calculated using one-way ANOVA and two-way ANOVA Turkey’s multiple comparisons 

tests. The significance of each data point (n = 3) was determined when P < 0.05 was 

considered statistically significant. 
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Chapter 4. Material Characterisations 

4.1. Results 

In this chapter, the material characterisations of the Ti-xNb (x: 10, 20, and 30; at.%), Ti-20Zr 

(at.%) and Ti-xNb-10Zr (x: 10 and 20; at.%) alloys achieved by the powder metallurgy method 

combined with the space holder technique were analysed by general porosity calculations, 

optical microscope (OM), X-ray diffraction analysis (XRD), Energy Dispersive Spectroscopy 

(EDS), Scanning Electron Microscopy (SEM), and Electron Backscatter Diffraction (EBSD). 

 

4.1.1. Raw Metal Powders 

The low and highly porous Ti-xNb, Ti-20Zr, and Ti-xNb-10Zr alloys were fabricated from 

commercially pure titanium, commercially pure zirconium, and commercially pure niobium 

initial powders (Alfa Aesar, Germany). The purity of the titanium, niobium, and zirconium initial 

powders was 99%, 99.5%, and 99.5%, respectively. Ammonium bicarbonate (NH4HCO3) 

(Fisher, purity: 99%) was used as a space holder agent. The morphological structure and 

atomic compositions of the initial metal powders used in this thesis were analysed with SEM 

and EDS before the mixing stage; the SEM and EDS measurements are shown in Fig. 4.1. 

EDS evaluation revealed that peak of titanium, niobium, and zirconium elements were 

detected. This confirmed that the initial metal powders used in the experiments possessed 

high purity. According to SEM micrographs, average particle sizes for titanium, niobium, and 

zirconium initial powders specified from SEM micrographs were determined as 44 µm, 35 µm 

and 23 µm, respectively. Zirconium initial powder was more agglomerated than titanium and 

niobium initial powders due to its smaller particle size. As seen in SEM micrographs, particle 

shapes for titanium, niobium, and zirconium initial powders were irregular with sharp corners. 
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Figure. 4.1. SEM and EDS analysis of titanium, niobium, and zirconium initial powders. 

 

4.1.2. General Porosity 

The general porosity levels for Ti-xNb, Ti-20Zr and Ti-xNb-10Zr alloys were separately 

calculated for each alloy by using the theoretical and bulk density values. This was done three 

times for each alloy, and the arithmetic average of the results was recorded. Here, the porous 

alloys achieved had two general porosity ranges: low and highly porous categories, with 

porosities ranging from 20% to 29% and from 43% to 58%, respectively. The results showed 

some differences in general porosity of the porous alloys achieved since the sintering 
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temperature selected in this thesis was far below the melting point of the titanium (1668°C), 

zirconium (1852°C) and niobium (2469°C) elements (Medvedev et al., 2016). 

 

4.1.2.1. General Porosity of Binary Titanium-Niobium Alloys 

Theoretical density values of the low and highly porous binary Ti-xNb alloys were calculated 

from the chemical composition of each alloy (see Eq. (3.2.)). The theoretical density values 

for binary Ti-xNb alloys with nominal niobium contents (x: 10, 20 and 30; at.%) were 4.91 g.cm-

3, 5.32 g.cm-3, and 5.74 g.cm-3, respectively. The bulk density values of the low and highly 

porous binary Ti-xNb alloys were determined from the mass-to-volume ratio (see Eq. 3.3.). 

The resulting bulk density values of the low porous binary Ti-xNb alloys were about 3.92 g.cm-

3 for Ti-10Nb, 3.98 g.cm-3 for Ti-20Nb and 4.11 g.cm-3 for Ti-30Nb, while those of the highly 

porous binary Ti-xNb alloys were approximately 2.21 g.cm-3 for Ti-10Nb, 2.30 g.cm-3 for Ti-

20Nb and 2.42 g.cm-3 for Ti-30Nb. The results are shown in Fig. 4.2. as a function of niobium 

concentration in the titanium matrix and the presence of the space holder agent. 

 

 

Figure 4.2. Sintered densities of the low and highly porous binary Ti-xNb (x: 10, 20, and 30; 

at.%) alloys (The error bars represent standard deviation). 

 

The general porosity results for the low and highly porous binary Ti-xNb alloys of nominal 

niobium contents (x: 10, 20 and 30; at.%), separately calculated for each alloy by using the 

theoretical and bulk density values, are given in Fig. 4.3. The all-porous binary Ti-xNb alloys 
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exhibited different general porosities depending on the niobium concentration in the titanium 

matrix and the presence of the space holder agent. As seen in Fig. 4.3, the general porosity 

values for the highly porous binary Ti-xNb alloys were much higher than those for the low 

porous binary Ti-xNb alloys. This is mainly because the space holder agent (NH4HCO3) 

degraded to ammonia (NH3(g)) and carbon dioxide (CO2(g)) when heated to 180°C and was 

replaced by pores in the microstructure. 

 

On the other hand, the general porosity values slightly increased with increasing niobium 

content from 10 to 30 in low porous binary Ti-xNb alloys. Here, when the niobium 

concentration in the titanium matrix increased, the general porosity increased from 20% to 

29%. The same tendency was observed in the highly porous binary Ti-xNb alloys. Accordingly, 

the general porosity values of highly porous binary Ti-xNb alloys were about 55% for Ti-10Nb, 

56% for Ti-20Nb, and 58% for Ti-30Nb. These findings were consistent with other studies 

(Bidaux et al., 2013; Nagaram and Ebel, 2016; Yilmaz et al., 2018). Zhao et al. reported that 

the general porosity values of Ti-10Nb, Ti-16Nb, and Ti-22Nb (wt.%) alloys sintered at 1500°C 

were below 5% and the general porosity values of the alloys increased with increased niobium 

concentrations in the titanium matrix (Zhao et al., 2013). 

 

 

Figure 4.3. General porosities for the low and highly porous binary Ti-xNb (x: 10, 20 and 30; 

at.%) alloys (The error bars represent standard deviation). 
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4.1.2.2. General Porosity of Binary Titanium-Zirconium Alloys 

For the low and highly porous binary Ti-20Zr alloys, the theoretical density and bulk density 

values were determined by using Eq.(3.2.) and Eq. (3.3.). Accordingly, sintered density values 

are shown in Fig. 4.4. In this regard, the theoretical densities of the low and highly porous 

binary Ti-20Zr alloy were identical each other due to same chemical composition, which was 

4.99 g.cm−3. The resulting bulk (sintered) density value for the low porous binary Ti-20Zr alloy 

was 3.87 g.cm-3, while that of the highly porous binary Ti-20Zr alloy was 2.32 g.cm-3. 

 

 

Figure 4.4. Sintered densities of the low and highly porous binary Ti-20Zr (at.%) alloys (The 

error bars represent standard deviation). 

 

For the low and highly porous binary Ti-20Zr alloys, the results of the general porosity 

calculated from Eq. (3.4.) are depicted in Fig. 4.5 as a function of the presence of the space 

holder agent. The highly porous binary Ti-20Zr alloy manufactured by conventional sintering 

procedure exhibited a general porosity ratio of 43%, while the low porous binary Ti-20Zr alloy 

under the same conditions showed a general porosity ratio of 22%. That is, the general 

porosity ratio of the highly porous binary Ti-20Zr alloy was almost two times that of the low 

porous binary Ti-20Zr alloy. 
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Figure 4.5. General porosities of the highly and low porous binary Ti-20Zr (at.%) alloys (The 

error bars represent standard deviation). 

 

4.1.2.3. General Porosity of Ternary Titanium-Niobium-Zirconium Alloys 

For the low and highly porous ternary Ti-xNb-10Zr alloys, theoretical density and bulk density 

values were determined by using Eq. (3.2.) and Eq. (3.3.) Accordingly, sintered density values 

are shown in Fig. 4.6. The theoretical density values of the porous ternary Ti-xNb-10Zr alloys 

were calculated as 5.15 g.cm-3 for Ti-10Nb-10Zr and 5.55 g.cm-3 for Ti-20Nb-10Zr. Moreover, 

the sintered density values for the low porous ternary Ti-xNb-10Zr (x:10 and 20; at.%) alloys 

were calculated as 4.07 g.cm-3 and 4.17 g.cm-3, while those for the highly porous ternary alloys 

were 2.5 g.cm-3 and 2.56 g.cm-3, respectively. The sintered density values for highly porous 

ternary Ti-xNb-10Zr alloys were much lower than those for low porous ternary Ti-xNb-10Zr 

alloys, which were consistent with general porosity ratio changes of the alloys. The bulk 

density and general porosity were inversely proportional to each other. When the general 

porosity decreased, the bulk density increased, and vice versa. 

 



103 
 

 

Figure 4.6. Sintered densities of the highly and low porous ternary Ti-xNb-10Zr (x: 10 and 20; 

at.%) alloys (The error bars represent standard deviation). 

 

General porosity ratios for the low and highly porous ternary Ti-xNb-10Zr alloys are given in 

Fig. 4.7. All-porous ternary Ti-xNb-10Zr alloys exhibited differing general porosities depending 

on niobium concentration in the titanium matrix and presence of space holder. Accordingly, 

general porosity ratios for the highly porous ternary Ti-xNb-10Zr (x:10 and 20: at.%) alloys 

were in the range of 50% to 56%, while those for the low porous ternary alloys were 21% and 

25%, respectively. 
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Figure 4.7. General porosities of the low and highly porous ternary Ti-xNb-10Zr (x: 10, and 

20; at.%) alloys (The error bars represent standard deviation). 

 

4.1.3. Optical Microscopy Analysis 

The optical images of the low and highly porous Ti-xNb, Ti-20Zr, and Ti-xNb-10Zr alloys 

produced following a standard powder metallurgy route combined with the space holder 

technique are shown in Figs. 4.8 to 4.12. The black areas in optical micrographs were residual 

porosities and connectives, which were formed as a result of the sintering stage. Closed-pore 

structures were determined in the low porous alloys, while open-pore (interconnected) 

structures were found in the highly porous alloys. Further, pore sizes and distributions for the 

highly porous alloys were much higher than those for the low porous alloys, which revealed 

that the characteristics of pores achieved were consistent with the porosity level of the alloys. 

Two types of pores were observed in the alloys achieved: macro and micro pores. Connectivity 

between pores in the low porous alloys was achieved with micropores, while in the highly 

porous alloys, it was achieved with macropores. Macro pores were formed by the evaporation 

of the space holder agent (NH4HCO3) during the sintering stage, which remarkably increased 

the general porosity values. Therefore, the added space holder agent provided a marked 

increase in pore diameter and connectivity. On the other hand, micropores could be due to 

insufficient sintering procedures. The sintering temperature selected in this thesis (1200˚C) 

did not eliminate the micro pore formations since the distance of the diffusivity between 

particles was too high (Slokar et al., 2019). 



105 
 

 

The microstructural evaluation revealed that small and irregular pores located on the walls 

were observed in all-low porous alloys, while large and interconnected open pores were found 

in all-highly porous alloys. This is essential to expand the cell adhesion for bone ingrowth, 

resulting in a stronger bond between bone and implant. 

 

4.1.3.1. Optical Images of Binary Titanium-Niobium Alloys 

The morphological characteristics of the low and highly porous binary Ti-xNb alloys sintered 

at 1200°C for six hours were analysed with the optical microscope. Their microstructures are 

presented in Fig. 4.8 and Fig. 4.9. Median pore diameter values for the low porous binary Ti-

xNb (x:10, 20 and 30; at.%) alloys sintered at 1200 ˚C specified on their optical micrographs 

were about 64 μm, 75 μm, and 83 μm, while those for the highly porous binary alloys sintered 

under the same conditions were about 116 μm, 124 μm, and 132 μm, respectively. The pore 

diameters of the low porous binary Ti-xNb alloys were thus much lower than those of the highly 

porous binary Ti-xNb alloys. On the other hand, not only highly porous binary Ti-xNb alloys 

but also the low porous binary Ti-xNb alloys were favourable for bone ingrowth and body fluid 

transport. The low and highly porous binary Ti-xNb alloys studied in this thesis were suitable 

for use as orthopaedic biomaterials in terms of pore size for allowing bone ingrowth and blood 

transportation. 

 

In addition, primary niobium phases (bright white areas) were observed on the low and highly 

porous binary Ti-xNb alloys. Depending on niobium concentration in titanium matrix, higher 

niobium concentration slightly led to thinner grain α-Ti phase (white areas). Additionally, 

volume fraction of β-Ti phase increased according to increased niobium concentration in 

titanium matrix.  
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Figure 4.8. Optical micrographs of the low porous binary Ti-xNb alloys (a: Ti-10Nb, b: Ti-20Nb, 

c: Ti-30Nb). 
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Figure 4.9. Optical micrographs of the highly porous binary Ti-xNb alloys (d: Ti-10Nb + 20SH, 

e: Ti-20Nb + 20SH, f: Ti-30Nb + 20SH). 
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4.1.3.2. Optical Images of Binary Titanium-Zirconium Alloys 

The optical images of the low and highly porous binary Ti-20Zr alloys sintered at 1200°C for 

six hours are given in Fig. 4.10. The mean pore sizes for the low and highly porous binary Ti-

20Zr alloys were about 78 μm, 121 μm, respectively. As foreseen and as shown in the optical 

images, a considerable increase in pore size and its connectivity in highly porous binary Ti-

20Zr alloys occurred with the addition of a space holder, which was a desirable feature for cell 

proliferation. Pore size values for the low and highly porous Ti-20Zr alloys produced in this 

thesis had adequate pore sizes for bone ingrowth when implanted. On the other hand, adding 

space holder did not affect the phase structure and grain size of the low and highly binary 

porous Ti-20Zr alloys.  

 

 

 

Figure 4.10. Optical micrographs of the low and highly porous binary Ti-20Zr (at.%) alloys (a: 

Ti-20Zr, b: Ti-20Zr + 20SH). 
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4.1.3.3. Optical Images of Ternary Titanium-Zirconium-Niobium Alloys 

The microstructures of the low and highly porous ternary Ti-xNb-10Zr alloys sintered at 

1200°C for six hours are shown in Figs. 4.11 and 4.12. Optical images of the alloys showing 

the pore morphology and distribution were evaluated to estimate the average pore size. In this 

regard, average pore sizes of the low and highly porous ternary Ti-xNb-10Zr (x:10, and 20; 

at.%) alloys increased from 67 μm to 117 μm and 82 μm to 143 μm, respectively, as a 

consequence of the solid-state sintering. The results revealed that adding a space holder 

increased the maximum pore size and distribution in the microstructures. Rao et al. confirmed 

this finding. They stated that in Ti-20Nb-15Zr and Ti-35Nb-15Zr (wt.%) alloys produced by a 

two-step foaming powder metallurgy method, there was a substantial increase in the average 

pore size from 8.4 μm to 57.2 μm, 71.5 μm, and 88.9 μm with the addition of a 20%, 35%, and 

50 wt. % space holder agents, respectively (Rao et al., 2014). Lastly, the pore sizes for the 

low and highly porous ternary Ti-xNb-10Zr alloys were compatible with the pore sizes for 

implantable devices to accelerate osteoblast aggregation for bone ingrowth. On the other 

hand, the microstructure of low and highly porous ternary Ti-xNb-10Zr alloys primarily consists 

of a combination of α-Ti, β-Ti, and primary niobium phases. The specific phase composition 

was sensitive to niobium concentration. 
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Figure 4.11. Optical micrographs of the low porous ternary Ti-xNb-10Zr alloys (a: Ti-10Nb-

10Zr, b: Ti-20Nb-10Zr). 
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Figure 4.12. Optical micrographs of the highly porous ternary Ti-xNb-10Zr alloys (c: Ti-10Nb-

10Zr + 20SH, d: Ti-20Nb-10Zr + 20SH). 

 

4.1.4. X-Ray Diffraction Analysis 

The XRD spectra of the low and highly porous Ti-xNb (x:10, and 30; at.%), Ti-20Zr (at.%) and 

Ti-xNb-10Zr (x:10 and 20; at.%) alloys produced following standard powder metallurgy 

combined with space holder technique appear in Figs. 4.13 to 4.15. 

 

4.1.4.1. X-Ray Diffraction of Binary Titanium-Niobium Alloys 

The XRD spectra of the low and highly porous binary Ti-10Nb and Ti-30Nb alloys sintered at 

1200°C for six hours are presented in Fig. 4.13. The results revealed the coexistence of the 

hcp α-Ti (ICDD PDF No. 00-044-1294) and bcc β-Ti (ICDD PDF No. 00-044-1288) related to 

the titanium phases and the niobium primary phase. No other obvious impurity peak, such as 

oxide, hydride, or intermetallic compounds, was detected. The major phase for the low porous 

binary Ti-10Nb alloy was the hcp α-Ti phase. After adding 30% niobium, the major phase 
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became the bcc β-Ti phase in the microstructure. An increase in niobium concentration in the 

low porous binary Ti-30Nb alloy depressed hcp α-Ti phase formation, resulting in the α-Ti 

phase peak gradually diminishing (Ho et al., 2008). Such behaviour was related to the 

dissolution of niobium in the titanium matrix. Higher niobium dissolution in the titanium matrix 

stimulates the transformations from the α-Ti to the β-Ti. The same was observed in the highly 

porous binary Ti-30Nb alloy. 

 

The phase structure of the highly porous binary Ti-10Nb and Ti-30Nb alloys was almost 

identical to that of the low porous alloys. However, the intensities of solute diffraction peaks of 

highly porous binary Ti-10Nb and Ti-30Nb alloys decreased with increasing general porosity. 

The sintering phenomenon is physically based on diffusion, and adding a space holder agent 

to titanium-niobium mixtures may hinder the transformation of the β-Ti phase in the 

microstructure since a space holder agent surrounding niobium and titanium particles 

increased in the diffusion pathways between particles, which caused a reduction in the 

diffraction peak intensity of the β-Ti and α-Ti phases in the highly porous binary Ti-10Nb and 

Ti-30Nb alloys (Prakash et al., 2020). 
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Figure 4.13. XRD spectra for the low and highly porous binary Ti-10Nb and Ti-30Nb (at.%) 

alloys. 
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4.1.4.2. X-Ray Diffraction of Binary Titanium-Zirconium Alloys 

The XRD spectra of the low and highly porous binary Ti-20Zr alloys sintered at 1200°C for six 

hours are shown in Fig. 4.14. All the diffraction peaks were properly matched with the 

predominant hcp α-Ti (ICDD PDF No. 00-044-1294) phase and some distorted hcp αʹ-Ti (ICDD 

PDF 00–044-1294) phases. No bcc β-Ti, hcp ω-Ti or other intermetallic compound related to 

titanium phases or pure zirconium was found in any of the recorded XRD patterns of the low 

and highly porous binary Ti-20Zr alloys. The titanium-zirconium equilibrium phase diagram 

demonstrated that zirconium exhibited a completely solid solution in the titanium matrix (α-Ti 

phase) (Cacciamani et al., 2011). This explains why the α-Ti and the αʹ-Ti phases were 

detected in microstructures of the low and highly porous binary Ti-20Zr alloys (Rao et al., 

2014). According to this concept, the distorted αʹ-Ti phase was detected as completely 

dissolved zirconium in the titanium matrix. This caused stress in the lattice structure of the hcp 

α-Ti phase because the difference in atomic radius between the titanium (1.47 Å) and 

zirconium (1.6 Å) atoms generated stress in the lattice parameters of the hcp α-Ti phases (Ho 

et al., 2008). Thus, the individual presence of zirconium in the titanium matrix did not 

dramatically alter the crystalline structure (formation of β-Ti phase) (Wang et al., 2009). 

 

 

Figure 4.14. XRD spectra of the low and highly porous binary Ti-20Zr (at.%) alloys. 
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4.1.4.3. X-Ray Diffraction of Ternary Titanium-Niobium-Zirconium Alloys 

The XRD spectra of the low and highly porous ternary Ti-10Nb-10Zr and Ti-20Nb-10Zr alloys 

sintered at 1200°C for six hours are presented in Fig. 4.15. Detailed examination of the XRD 

results to understand the phase structure showed that predominantly the bcc β-Ti (ICDD PDF 

No. 00-044-1288) phases with some hcp α-Ti (ICDD PDF No. 00-044-1294) phases and the 

niobium primary phase were detected in the low and highly porous ternary Ti-10Nb-10Zr and 

Ti-20Nb-10Zr alloys achieved. The XRD results showed that alloying with both niobium (a 

strong β-Ti stabiliser) and zirconium (a weak β-Ti stabiliser or neutral element) reduced the 

proportion of the α-Ti phase in the microstructure. Therefore, the formation of the β-Ti phase 

generally increased with increases in the niobium and zirconium concentrations in the low and 

highly porous ternary Ti-10Nb-10Zr and Ti-20Nb-10Zr alloys (Geetha et al., 2004). 
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Figure 4.15. XRD spectra of the low and highly porous ternary Ti-10Nb-10Zr and Ti-20Nb-

10Zr (at.%) alloys. 

 



117 
 

4.1.5. Energy Dispersive Spectroscopy Analysis 

EDS analysis showing SEM micrograph and individual EDS points for the low and highly 

porous Ti-xNb (x:10, 20 and 30; at.%), Ti-20Zr (at.%) and Ti-xNb-10Zr (x: 10 and 20; at.%) 

alloys produced following a standard powder metallurgy route combined with the space holder 

technique are given in Figs. 4.16 to 4.18. The EDS results showed that significant alterations 

were observed in terms of titanium, zirconium, and niobium concentrations during the sintering 

stage as the sintering process led to phase transformations within the alloys. Peaks for the 

low and highly porous alloys were comprised of Ti-Kβ, Ti-Kα and Nb-L. No other peak 

belonging to an undesirable element was found. Further, no oxidation was observed in the all-

porous alloys studied. 

 

4.1.5.1. EDS Analysis of Titanium-Niobium Binary Alloys 

The atomic compositions of the low and highly porous binary Ti-xNb alloys were detected. 

EDS summary of the low and highly porous binary Ti-xNb alloys (x: 10, 20, and 30; at. %) is 

shown in Table 4.1. EDS analysis showing SEM micrograph and individual EDS points is 

shown in Fig. 4.16. The atomic compositions of areas selected (1 to 3) for the low porous 

binary Ti-10Nb alloy sintered at 1200°C for six hours were Ti-87Nb (at. %), Ti-6.71Nb (at.%) 

and Ti-1.64Nb (at.%), while the atomic compositions of the areas selected (1 to 3) for the 

highly porous binary Ti-10Nb alloy were Ti-86.28Nb (at.%), Ti-5.86Nb (at.%) and Ti-1.74Nb 

(at.%), respectively. The low and highly porous binary Ti-10Nb alloy had partly bright-white 

areas corresponding to almost primary niobium, as seen in the EDS results. The atomic 

compositions of the areas selected (1 to 3) for the low porous binary Ti-20Nb alloy were 100Nb 

(at.%), Ti-12.67Nb (at.%) and Ti-20.88Nb (at.%), while those for the highly porous binary Ti-

20Nb alloy were Ti-99.96Nb (at.%), Ti-16.18Nb (at.%) and Ti-2.97Nb (at.%), respectively. The 

atomic compositions of the areas selected (1 to 3) for the low porous binary Ti-30Nb alloy 

were Ti-99.80Nb (at.%), Ti-19.76Nb (at.%) and Ti-3.52Nb (at.%), while those for the highly 

porous binary Ti-30Nb alloy were Ti-98.89Nb (at.%), Ti-18.98Nb (at.%) and Ti-2.6Nb (at.%), 

respectively. As seen in the SEM micrographs of the low and highly porous binary Ti-xNb 

alloys showing EDS points, the α-Ti and the β-Ti phases were irregularly dispersed in the 

microstructure, caused by the inhomogeneity of powder metallurgy production method. 

 

The EDS results revealed that the α-Ti phase corresponding to the dark-grey areas exhibited 

extremely limited dissolution of niobium, whereas the β-Ti phase corresponding to the light-

grey areas had a good dissolution of niobium in the titanium matrix (Romero-Resendiz et al., 

2023). Han et al. (2015). confirmed this result. With the increase of niobium (a strong β-Ti 

stabiliser) content in titanium-niobium mixtures, the volume fraction of the light-grey (β-Ti 
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phase) areas also increased in the microstructures, which was seen in the XRD results of this 

thesis (Nazari et al., 2015; Yılmaz et al., 2017). 

 

Table 4.1. EDS summary of the low and highly porous binary Ti-xNb alloys (x: 10, 20, and 30; 

at. %). 

Area 1 (at. %) Area 2 (at. %) Area 3 (at. %) 

Alloys Ti Nb Ti Nb Ti Nb 

Ti-10Nb 13 87 93.29 6.71 98.36 1.64 

Ti-20Nb - 100 87.33 12.67 79.12 20.88 

Ti-30Nb 0.2 99.80 80.24 19.76 96.48 3.52 

Ti-10Nb + 20SH 13.72 86.28 94.14 5.86 98.26 1.74 

Ti-20Nb + 20SH 0.04 99.96 83.82 16.18 97.03 2.97 

Ti-30Nb + 20SH 1.11 98.89 81.02 18.98 97.4 2.6 
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Figure 4.16. EDS analysis showing SEM micrograph and individual EDS points for low and 

highly porous binary Ti-xNb alloys (a: Ti-10Nb, b: Ti-20Nb, c: Ti-30Nb, d: Ti-10Nb + 20SH, e: 

Ti-20Nb + 20SH, f: Ti-30Nb + 20SH). 

 

4.1.5.2. EDS Analysis of Binary Titanium-Zirconium Alloys 

The EDS analysis showing SEM micrograph and individual EDS points for the low and highly 

porous binary Ti-20Zr alloys sintered at 1200°C for six hours is given in Fig. 4.17. EDS 

summary of the low and highly porous binary Ti-20Zr alloys is given in Table 4.2. EDS peaks 

of titanium and zirconium elements were detected in the nominal composition of all-porous 

binary Ti-20Zr alloys. The atomic compositions of the areas selected (1 to 2) for the low porous 

binary Ti-20Zr alloy were Ti-22.78Zr (at.%) and Ti-10.18Zr (at.%), while those for the highly 

porous binary Ti-20Zr alloy were Ti-27.32Zr (at.%) and Ti-11.79Zr (at.%), respectively. 
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According to the EDS results of the low and highly porous binary Ti-20Zr alloys, the light-

coloured area classified as a distorted hcp αʹ-Ti phase was rich in zirconium concentration, 

while the remaining grey area identified as hcp α-Ti was rich in titanium concentration. This 

finding concluded that zirconium concentration was non-homogenously distributed in the 

microstructures because the porous structure of the alloys caused by insufficient sintering 

temperature far below the melting points of zirconium (1855°C) and titanium (1668°C) resulted 

in insufficient diffusion phenomenon. Therefore, both low and highly porous binary Ti-20Zr 

alloys had no uniform structure across the entire areas analysed. 

 

Table 4.2. EDS summary of the low and highly porous binary Ti-20Zr alloys. 

Area 1 (at. %) Area 2 (at. %) 

Alloys Ti Zr Ti Zr 

Ti-20Zr 77.22 22.78 89.82 10.18 

Ti-20Zr + 20SH 72.68 27.32 88.21 11.79 
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Figure 4.17. EDS analysis showing SEM micrograph and individual EDS points for the low 

and highly porous binary Ti-20Zr (at.%) alloys (a: Ti-20Zr, b: Ti-20Zr + 20SH). 

 

4.1.5.3. EDS Analysis of Ternary Titanium-Niobium-Zirconium Alloys 

The EDS analysis showing SEM micrograph and individual EDS points for the low and highly 

porous ternary Ti-xNb-10Zr alloys sintered at 1200°C for six hours is depicted in Fig. 4.18. 

EDS summary of the low and highly porous ternary Ti-xNb-10Zr alloys is illustrated in Table 

4.3. The atomic compositions of the areas selected (1 to 3) for the low porous ternary Ti-10Nb-

10Zr alloys were Ti-30.83Nb-7.46Zr (at.%), Ti-11.37Nb-8.45Zr (at.%) and Ti-12.17Nb-8.53Zr 

(at.%), respectively. The atomic compositions of the areas selected (1 to 3) for the low porous 

ternary Ti-20Nb-10Zr alloys were Ti-97.40Nb-2.29Zr (at.%), Ti-18.85Nb-7.41Zr (at.%) and Ti-

11.67Nb-7.31Zr (at.%), respectively. On the other hand, the atomic compositions of the areas 

selected (1 to 3) for the highly porous ternary Ti-10Nb-10Zr alloys were Ti-87.56Nb (at.%), Ti-

16.82Nb-7.87Zr (at.%) and Ti-13Nb-7.87Zr (at.%), while those for the highly porous ternary 

Ti-20Nb-10Zr alloys were Ti-52.08Nb (at.%), Ti-5.83Nb (at.%) and Ti-12.06Nb-10.04Zr (at.%), 

respectively. Based on the EDS results obtained, niobium concentration was poor in some 

areas compared to the nominal composition; these areas were classified as the hcp α-Ti phase 
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(dark-grey areas). Some areas with high niobium concentrations corresponded to the bcc β-

Ti phase (light-grey areas) due to the preferential dissolution of niobium. 

 

Like the low and highly porous binary Ti-20Zr alloys, no undissolved zirconium was found in 

either low or highly porous ternary Ti-xNb-10Zr alloys. This was expected as zirconium is fully 

dissolvable in the titanium matrix, but niobium has limited solubility in the α-Ti phase. The 

relatively low dissolution of niobium in titanium-zirconium mixtures has a crucial effect on the 

formation of an inhomogeneous structure. 

 

Table 4.3. EDS summary of the low and highly porous ternary Ti-xNb-10Zr alloys. 

Area 1 (at. %) Area 2 (at. %) Area 3 (at. %) 

Alloys Ti Nb Zr Ti Nb Zr Ti Nb Zr 

Ti-10Nb-10Zr 61.71 30.83 7.46 80.18 11.37 8.45 79.3 12.17 8.53 

Ti-20Nb-10Zr 0.31 97.40 2.29 73.74 18.85 7.41 81.02 11.67 7.31 

Ti-10Nb-10Zr + 

20SH 

12.44 87.56 - 75.31 16.82 7.87 79.13 13 7.87 

Ti-20Nb-10Zr + 

20SH 

47.92 52.08 - 94.17 5.83 - 77.9 12.06 10.04 
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Figure 4.18. EDS analysis showing SEM micrograph and individual EDS points for low and 

highly porous ternary Ti-xNb-10Zr alloys (a: Ti-10Nb-10Zr, b: Ti-20Nb-10Zr, c: Ti-10Nb-10Zr 

+ 20SH, d: Ti-20Nb-10Zr + 20SH). 

 

4.1.6. Scanning Electron Microscopy Analysis 

SEM micrographs showed irregularly shaped pores with sharp corners in the microstructures. 

Backscattered Electron (BSE) mode was employed to see whether the primary niobium phase 

was present in the microstructures because it was quite difficult to distinguish in Secondary 

electron (SE). Closed-pore structures were determined in the low porous alloys, while open-

pore (interconnected) structures were found in the highly porous alloys, allowing for cell 

ingrowth. As mentioned previously, pore sizes and distributions for the highly porous alloys 

were much higher than for the low porous alloys, which revealed that the characteristics of 

pores achieved were consistent with the general porosity level of the alloys. 
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4.1.6.1. SEM Analysis of Binary Titanium-Niobium Alloys 

SEM micrographs of the low and highly porous binary Ti-xNb alloys sintered at 1200°C for six 

hours are given in Figs. 4.19. and 4.20. EDS results showed that the dark-grey area rich in 

titanium concentration was classified as α-Ti phase, while the remaining grey area rich in 

niobium concentration was identified as β-Ti phase. The bright-white area was detected as a 

primary niobium phase. Microstructural results revealed that the hcp α-Ti and bcc β-Ti phase 

formations were observed in the low and highly porous binary Ti-xNb alloys. This finding was 

consistent with the XRD results in this thesis. The microstructures of the low and highly porous 

binary Ti-10Nb alloys exhibited typical lath-type morphologies. Those of the low and highly 

porous binary Ti-20Nb and Ti-30Nb had a similar structure to the typical lamellar 

morphologies, growing with the dissolution of niobium in the titanium matrix. In addition, based 

on the microstructural evaluation. The primary niobium phase was observed in microstructures 

of the low and highly porous binary Ti-10Nb, Ti-20Nb and T-30Nb alloys produced under the 

same conditions. In particular, as can be seen in the SEM micrographs of the highly porous 

binary Ti-30Nb alloy, the proportion of the white area (primary niobium phase) was the highest 

among the all-porous binary Ti-xNb alloys due to increased diffusion pathways between 

particles and niobium concentration. 

 

As the niobium concentration in the low and highly porous Ti-xNb alloys increased, the volume 

fraction of the bcc β-Ti phase also increased gradually because niobium in the titanium matrix 

acted as a strong β-Ti stabiliser. Also, the distribution of the hcp α-Ti and the bcc β-Ti phases 

in the microstructure was not uniform due to the insufficient sintering temperature selected in 

this thesis (1200°C). 
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Figure 4.19. SEM micrographs of the low porous binary Ti-xNb alloys (a: Ti-10Nb, b: Ti-20Nb, 

c: Ti-30Nb). 
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Figure 4.20. SEM micrographs of the highly porous binary Ti-xNb alloys (d: Ti-10Nb + 20SH, 

e: Ti-20Nb + 20SH, f: Ti-30Nb + 20SH). 

. 
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4.1.6.2. SEM Analysis of Binary Titanium-Zirconium Alloys 

SEM micrographs of the low and highly porous binary Ti-20Zr alloys sintered at 1200°C for six 

hours are illustrated in Fig. 4.21. Lamellar-shaped microstructures were observed in the low 

and highly porous binary Ti-20Zr alloys; these were the martensitic α′-Ti phase with a distorted 

hcp structure and α-Ti phase with hcp (Gottlow et al., 2012). In this regard, the grey area rich 

in titanium concentration corresponded to the hcp α-Ti phase, while the light-grey area rich in 

zirconium concentration was classified as a distorted hcp αʹ-Ti phase. In addition, 

microstructures of the low and highly porous binary Ti-20Zr alloys showed a completely solid 

solution, which was confirmed by other studies (Zhao et al., 2023). 

 

 

 

Figure 4.21. SEM micrographs of the low and highly porous binary Ti-20Zr (at.%) alloys (a: 

Ti-20Zr, b: Ti-20Zr + 20SH). 
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4.1.6.3. SEM Analysis of Ternary Titanium-Niobium-Zirconium Alloys 

SEM micrographs for the low and highly porous ternary Ti-xNb-10Zr alloys sintered at 1200°C 

for six hours are given in Figs. 4.22 and 4.23. Following microstructural examination, the all-

porous ternary Ti-xNb-10Zr alloys were found to have a dual-phase microstructure composed 

of finely dispersed acicular hcp α-Ti needles in the bcc β-Ti matrix. No formation of the ω-Ti 

phase was determined in their microstructures. A fine acicular α-Ti phase transformation 

occurred in the low porous ternary Ti-10Nb-10Zr alloy, while an extremely fine acicular α-Ti 

phase was observed in the low porous ternary Ti-20Nb-10Zr alloy, depending on increasing 

niobium concentrations in the titanium-zirconium mixtures. Like all-porous binary Ti-xNb 

alloys, the dark-grey area rich in titanium and zirconium contents corresponded to the α-Ti 

phase, the light-grey area rich in niobium content corresponded to the β-Ti phase, and the 

bright-white area was identified as the primary niobium phase. Further, some areas with the 

primary niobium phase surrounded by the β-Ti phase were found in the low and highly porous 

ternary Ti-10Nb-10Zr and Ti-20Nb-10Zr alloys (Henriques et al., 2010). 
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Figure 4.22. SEM micrographs of the low porous ternary Ti-xNb-10Zr alloys (a: Ti-10Nb-10Zr, 

b: Ti-20Nb-10Zr). 
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Figure 4.23. SEM micrographs of the highly porous ternary Ti-xNb-10Zr alloys (c: Ti-10Nb-

10Zr + 20SH, d: Ti-20Nb-10Zr + 20SH). 

 

4.1.7. Electron Backscatter Diffraction 

4.1.7.1. EBSD Analysis of Titanium-Niobium Binary Alloys 

EBSD results illustrating the orientation colour maps and grain size distribution of the low 

porous binary Ti-xNb alloys sintered at 1200°C for six hours are shown in Fig. 4.24 as a 

function of niobium concentration in the titanium matrix. The white regions on the EBSD-IPF 

images corresponded to unindexed regions due to remaining porosity after the sintering stage. 

The results showed a typical columnar-shape microstructure with random orientation 

comprised of the bcc β-Ti phase and the hcp α-Ti phase. This was induced by the 

inhomogeneity of the powder metallurgy method. As seen in Fig. 4.24., the fractions of the β-

Ti phase determined in the low porous binary Ti-xNb (x:10, 20 and 30: at.%) alloys were 3%, 

11% and 40%, respectively. This finding showed that, depending on the increasing niobium 

concentration in the titanium-niobium mixtures, the α-Ti grains transformed into β-Ti grains in 
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the microstructures, which supported the idea that niobium acted as a strong β-Ti stabiliser in 

the titanium matrix. Previous studies also reported that the stability of the β-Ti phase was 

directly proportional to the fraction of niobium dissolved in the titanium matrix (Ehtemam-

Haghighi et al., 2016). However, insufficient sintering temperature and remaining general 

porosity caused by the powder metallurgy method adversely affected the dissolution of 

niobium in the titanium-niobium mixtures. Based on the EBSD mapping results, the primary 

niobium phase detected in the low porous binary Ti-xNb (x:10, 20 and 30: at.%) alloys were 

4%, 11% and 41%, respectively. This also played a key role in the formation of the β-Ti phase 

in the titanium matrix. Further, the mean grain sizes determined from the EBSD-IPF images 

for the low porous binary Ti-xNb alloys were calculated separately for each alloy. Those for 

the hcp α-Ti phase were 17.57 µm for Ti-10Nb, 14,6 µm for Ti-20Nb and 10.54 µm for Ti-

30Nb. The average grain sizes for the hcp α-Ti phase decreased with increasing niobium 

concentration in the titanium matrix. However, the average grain sizes for low porous binary 

Ti-xNb alloys were generally greater than 10 µm, which showed that relatively course-grained 

α-Ti phases could be produced via the powder metallurgy method used in this thesis. In 

conclusion, after sintering, elongated α-Ti grains were observed in the low porous binary T-

xNb alloys. Also, α-Ti grains slightly decreased in size and became thinner with increasing 

niobium concentrations in the titanium matrix. 
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Figure 4.24. EBSD data showing the microstructure, grain morphology and phase 

constituents and distribution for the low porous binary Ti-xNb (at.%) alloys (I: Ti-10Nb, II: Ti-

20Nb, III: Ti-30Nb); a) IQ map, b) IPF map and c) phase map. 

 



142 
 

4.1.7.2. EBSD Analysis of Binary Titanium-Zirconium Alloys 

The grain boundaries map and phase map are shown in Fig. 4.25. The EBSD analysis was 

performed for the low porous binary Ti-20Zr alloy. The EBSD-IPF map did not exhibit any trace 

of the amorphous phase related to titanium or zirconium. Therefore, there were no black 

regions or dots because the amorphous structure could not create Kikuchi lines due to the 

absence of lattice planes (Li et al., 2021). According to the image quality and IPF map 

examined with EBSD, the microstructure morphology for the low porous binary Ti-20Zr alloy 

consisted of lath grains accompanied by pores as a result of the sintering stage. No alignment 

was observed in the hcp α-Ti grains but randomly elongated hcp α-Ti grains were found in the 

low porous binary Ti-20Zr alloy. The blue colours in the phase map represented the 

percentage of the hcp α-Ti phase inside the low porous binary Ti-20Zr alloy. It was thus evident 

that the fraction of the hcp α-Ti phase was much higher than that of the bcc β-Ti phase in 

titanium-zirconium mixtures. At this point, the volume fractions of the hcp α-Ti and the bcc β-

Ti phases were 96% and 4%, respectively. This result revealed that the phase structure of the 

low porous binary Ti-20Zr alloy was not remarkably affected by adding zirconium to the 

titanium matrix. Here, the zirconium element acted as a weak β-Ti stabiliser in the titanium 

matrix. The average grain size determined from the EBSD-IPF map for the hcp α-Ti phase 

was calculated as about 19.89 µm. On the other hand, a small quantity of β-Ti grains was 

detected between the α-Ti grains. The β-Ti phase was preferably observed where zirconium 

concentrations were abundant, according to the EDS result of the low porous binary Ti-20Zr 

alloy. The β-Ti grains were well fragmented and scattered in the microstructure, giving a lower 

fraction. It was concluded that the EBSD analysis revealed the coexistence of high amounts 

of hcp α-Ti and small amounts of bcc β-Ti in low porous Ti-20Zr binary alloys. 
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Figure 4.25. EBSD data showing the microstructure, grain morphology and phase 

constituents and distribution for the low porous binary Ti-20Zr (at.%) alloy; a) IQ map, b) IPF 

map and c) phase map. 

 

4.1.7.3. EBSD Analysis of Ternary Titanium-Niobium-Zirconium Alloys 

The grain boundaries map and phase map are shown in Fig. 4.26 as functions of niobium 

concentration in titanium-zirconium mixtures. As mentioned previously, white regions 

corresponding to the remaining pores were unindexed. A dual-phase microstructure consisting 

of bcc β-Ti grains and thin hcp α-Ti needles was observed. Niobium and zirconium 

concentrations in the titanium matrix reduced the martensite transition temperature (Ms) of the 

alloy, separately. Therefore, the hcp α-Ti grains could not grow any further. On the other hand, 

the volume fraction of the hcp α-Ti phase in the low porous ternary Ti–10Nb–10Zr (78%) alloy 

was greater than that in the low porous ternary Ti-20Nb-10Zr alloy (53%). Based on the EBSD 

results, the evidence demonstrated that a finely dispersed acicular hcp α-Ti phase in the bcc 

β-Ti matrix was observed after the sintering stage. The hcp α-Ti grain boundaries were also 

obvious. The mean grain sizes obtained from the EBSD-IPF image for the hcp α-Ti phase in 

the low porous ternary Ti-xNb-10Zr (x:10 and 20: at.%) alloys were calculated as 9.89 µm and 

9.13 µm, respectively. This revealed that grain size for the α-Ti phase decreased with 

increasing niobium concentrations. Moreover, the volume fraction of the bcc β-Ti phase in the 

low porous ternary Ti-xNb-10Zr (x:10 and 20: at.%) alloys were detected as 11% and 23%, 

respectively. Like low porous binary Ti-xNb alloys, the primary niobium phase was observed 

in the microstructure of the low porous ternary Ti-xNb-10Zr (x:10 and 20: at.%) alloys, which 

were 12% and 25%, respectively. 
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Figure 4.26. EBSD data showing the microstructure, grain morphology and phase 

constituents and distribution for the low porous ternary Ti-xNb-10Zr (at.%) alloys (I: Ti-10Nb-

10Zr, II: Ti-20Nb-10Zr); a) IQ map, b) IPF map and c) phase map. 

 

4.2. Discussion 

This result was expected and suggested that the use of NH4HCO3 as a space holder agent 

was dramatically effective in generating high porosities. No residues of NH4HCO3 were found 

in the alloys studied after the sintering stage, which indicated that the space holder agent was 

completely degraded to ammonia (NH3(g)) and carbon dioxide (CO2(g)), leaving pores in the 

material. The variations of general porosity within both low and high categories were limited, 

suggesting that the processing parameters for mixing, compaction and sintering were well-

controlled and consistent. After examining the effects of niobium addition on the general 

porosity measured, it seemed that niobium concentration contributed, partially, to the 

variations of the porosity as the upper bound of porosities for both low and high porosity 
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categories are associated with high niobium concentrations. It is reasonable to believe that a 

full range of porosities required for clinical applications can be achieved by adjusting space 

holder agent additions and sintering conditions. Adding a space holder agent was a major 

factor in obtaining desirable general porosity in the alloys compared to addition of niobium. 

 

The porous structures of the alloys achieved in this thesis are essential for bone ingrowth, 

nutrient transport, and healing time (Chang et al., 2017). Previous studies have shown that 

cell growth and other cellular activities only take place with the help of the pores existing inside 

the implant material. Therefore, natural bone can contain a porous structure ranging from 10% 

to 85%, depending on the type and age of the bone (Zhou et al., 2023). At this point, the results 

obtained from the general porosity ratios showed that the Ti-xNb, Ti-20Zr and Ti-xNb-10Zr 

alloys manufactured in this thesis remained within these limits, so the alloys can be considered 

promising candidates for orthopaedic applications. The general porosity level of load-bearing 

implant materials may vary according to where they are used in the body. Therefore, it is quite 

difficult to say which alloy achieved in this thesis has the optimal general porosity level. All 

general porosity levels achieved in this study were appropriate for mimicking the bone 

structure. Such behaviour also positively affected the biocompatibility properties of the alloys. 

It was concluded that the all-porous alloys achieved in this thesis had an adequate general 

porosity ratio for bone ingrowth and other cellular activities. 

 

In implantology, the most critical point regarding a porous implant material is the size and 

distribution of the macro and micropores in the microstructure. We can see conflicting research 

on the optimal pore size for implantology in the literature. However, most studies have shown 

that the optimal pore size should be in the range of 100 µm to 600 µm (Aydoğmus, 2010; 

Sebastián et al., 2023). The pores in implant material should be larger than the minimum pore 

size allowing the blood and nutrient flow for bone ingrowth. The results from the general 

porosity evaluations showed that the alloys could be divided into low and highly porous 

categories, with pore sizes from 64 µm to 83 µm and 116 µm to 143 µm, respectively. The 

highest pore size of 143 µm was measured in the highly porous ternary Ti-20Nb-10Zr alloy; 

the lowest pore size of 64 µm was observed in the low porous binary Ti-10Nb alloy. Further, 

pore size and distribution found in all-porous alloys fabricated in this thesis were congruent 

with the pore size and distribution aimed for when the process began. As mentioned before, 

adding a space holder was a key factor in adjusting pore size and distribution. Some studies 

investigating the effect of cellular activity on pore size have demonstrated that cell adherence 

increased when pore characteristics such as pore size and distribution increased (Murphy et 

al., 2010). The pore size measurements of this study revealed that specific surfaces affected 

initial cell adherence, which is in good agreement with previous studies. Here, cell adherences 
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of the highly porous Ti-xNb, Ti-20Zr, and Ti-xNb-10Zr alloys were greater than low porous 

alloys. This trend continued with even pore size from 64 µm to 143 µm. In vitro studies showed 

that low and highly porous alloys allowed for enhanced cell attachment. This revealed existing 

evidence that low and highly porous alloys met sufficient pore size requirements for cellular 

activities. Along with more remaining porosities, rougher surfaces were observed in the highly 

porous Ti-xNb, Ti-20Zr, and Ti-xNb-10Zr alloys compared to low porous alloys, which is a 

desirable feature for bone tissue engineering because the rough surface of the implant 

material can enhance contact with bone tissue when implanted (Li et al., 2009).  

 

The XRD results revealed that adding a space holder agent did not alter the phase 

constituents of the alloys. As mentioned previously, the porosity characteristics could be 

effectively adjusted by adding a space holder agent. However, the addition of niobium was a 

crucial factor for the formation of the β-Ti phase, as it increases the lattice parameter of 

titanium and encourages the new crystal structure formation in the microstructure. Research 

has shown that niobium dissolution in titanium is dependent on many parameters, including 

niobium concentration, temperature, and cooling rate (Gou et al., 2020). The formation of a β-

Ti phase can be effectively controlled by these parameters. Thus, desirable microstructures 

with superior mechanical properties can be obtained. The β-Ti phase is of vital importance for 

biomedical applications due to its unique mechanical properties (Hoppe et al., 2020). In this 

thesis, increasing the niobium concentration from 10% to 30% increased the formation of the 

β-Ti phase despite insufficient sintering conditions. This finding is consistent with research 

conducted in the past. The phase constituents of the alloys studied in this thesis could be 

modified to achieve appropriate microstructures. On the other hand, as zirconium is neutral 

element for titanium-based alloys, the low and highly porous Ti-20Zr alloys did not exhibit any 

trace of the β-Ti phase on the X-ray patterns. Additionally, we could not see the peak that 

belongs to pure zirconium since zirconium can be fully dissolve in titanium both phase (α-Ti 

phases). 

 

Research on powder metallurgy has shown that several factors can cause a non-

homogeneous structure in materials produced by the powder metallurgy method. A common 

cause is the incomplete mixing of powders, which can lead to areas with different chemical 

structures and properties within the article (Rodriguez-Contreras et al., 2021). Inadequate 

sintering temperature or time is another factor that can result in incomplete densification or 

porosity between particles (Angelo et al., 2022). EDS analysis was employed to detect the 

elemental composition of the low and highly porous Ti-xNb, Ti-20Zr, and Ti-xNb-10Zr alloys. 

The results showed that fully homogeneous structures could not be obtained in the alloys 

studied. Different phases were formed in the microstructures of the alloys. The presence of 
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pure niobium cores in the microstructure of the low and highly porous Ti-xNb and Ti-xNb-10Zr 

alloys was an indication of insufficient sintering temperature selected in this thesis (Ruan et 

al., 2016; Zheng et al., 2023). On the other hand, no primary zirconium phase was detected 

in the microstructure of the alloys fabricated. Zirconium exhibited better dissolution in the 

titanium matrix than niobium (Wang et al., 2018; Mishchenko et al., 2020; Hon et al., 2023). 

 

Increased pore size and distribution in the highly porous Ti-xNb, Ti-20Zr and Ti-xNb-10Zr 

alloys led to inhomogeneity as general porosity increased the diffusion path between particles, 

which led to more undissolved niobium particles in the highly porous Ti-xNb and Ti-xNb-10Zr 

alloys. Elemental concentrations of the low porous alloys were typically more uniform than 

those of the highly porous alloys. A strong relationship between general porosity and the 

dissolution of niobium (formation of the bcc β-Ti) in the titanium matrix was concluded. This 

finding was consistent with research conducted in the past (Medvedev et al., 2016; Rodriguez-

Contreras et al., 2021). Adding a space holder played a key role in the inhomogeneous 

structure of alloys by changing the general porosities, while it did not seriously influence the 

phase constituents of the alloys. In contrast, adding niobium to the titanium matrix and 

titanium-zirconium mixtures altered the phase constituents of the alloys, although it did not 

dramatically alter the general porosity. Thus, in this thesis, desirable general porosity and 

desirable phase structure can be achieved by adding appropriate niobium and a space holder. 

On the other hand, as mentioned before, sintering is based on a physical diffusion process. 

The volume fraction of the α-Ti or the β-Ti and the dissolution of the pure niobium core in the 

titanium matrix are closely related to sintering temperature and time. Rao et al. stated that 

higher sintering temperatures affected the dissolution of niobium particles in the titanium 

matrix, suppressing the Widmanstatten morphology and increasing the volume fraction of the 

β-Ti phase in the microstructure (Rao et al., 2014). However, histological examinations 

showed that the inhomogeneous structure did not adversely affect the cell viability or cell 

proliferation of the alloys, since both niobium and zirconium are biocompatible. The alloys 

studied in this thesis were biosafe. 
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Chapter 5. Compressive Performance 

In this chapter, the compressive performances of the Ti-xNb (x: 10, 20, and 30; at.%), Ti-20Zr 

(at.%) and Ti-xNb-10Zr (x: 10, and 20; at.%) alloys processed by the powder metallurgy 

method combined with the space holder technique were assessed by uniaxial compressive 

tests. To determine the elastic modulus, the slope for the linear part (elastic region) of the 

curves was measured. In addition, yielding is the point at which a material begins to deform 

plastically (permanent deformation) under load. There are several methods to determine the 

yield strength from a stress-strain curve, but 0.2% offset yield method was employed to specify 

the yield strength of the alloys achieved in this thesis. The average yield strengths and ultimate 

compressive strengths were determined from stress-strain curves. 

 

5.1. Results 

5.1.1. Compressive Performance of Binary Titanium-Niobium Alloys 

The stress-strain curves obtained from the uniaxial compressive test for low and highly porous 

binary Ti-xNb alloys sintered at 1200°C for six hours are given in Fig. 5.1 as a function of the 

presence of a space holder and niobium concentrations in the titanium matrix. The mechanical 

properties of the low and highly porous binary Ti-xNb alloys are summarised in Table 5.1. The 

ultimate compressive strength values, known as maximum stress, in the stress-strain curves 

for low porous binary Ti-10Nb with general porosity of 20%, Ti-20Nb with general porosity of 

25% and Ti-30Nb with general porosity of 29% alloys were 1295 MPa, 802 MPa and 618 MPa, 

while those for highly porous binary Ti-10Nb with general porosity of 55%, Ti-20Nb with 

general porosity of 56% and Ti-30Nb with general porosity of 58% alloys were 331 MPa, 127 

MPa and 48 MPa, respectively (see Fig. 5.2.). The yield strength values for low porous binary 

Ti-xNb (x: 10, 20, and 30; at.%) alloys with general porosities of 20%, 25%, and 29%, 

respectively, were recorded as 687 MPa, 136 MPa and 112 MPa; those for highly porous 

binary Ti-xNb (x: 10, 20, and 30; at.%) alloys with general porosities of 55%, 56%, and 58% 

were measured as 64 MPa, 46 MPa and 22 MPa, respectively. As foreseen, with increasing 

general porosity, the ultimate compressive strength and yield strength values of the highly 

porous binary Ti-xNb alloys were reduced significantly (see Fig. 5.2.). This could be due to 

the porosity properties of the highly porous binary Ti-xNb alloys since adding a space holder 

agent to titanium-niobium mixtures caused a marked increase in pore size and distribution. In 

addition, Gibson and Ashby theoretically showed a strong correlation between mechanical 

properties and general porosity (Gibson et al., 2010). The results demonstrated that the 

ultimate compressive and yield strengths of low and highly porous binary Ti-xNb alloys could 

be adjusted by the general porosity of the alloys. 
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However, the mechanical properties of all alloys achieved might be linked not only with general 

porosity levels but also with phase constituents (β-Ti and α-Ti phases) with the solid-solid 

phase transformations. Accordingly, increasing niobium concentrations from 10% to 30% 

decreased the mechanical performance, as niobium acted as a β-phase stabiliser in the 

microstructure. Based on the literature, the α-Ti phase with hcp structure exhibits a higher 

elastic modulus, lower ductility, and better fracture toughness than the β-Ti phase with bcc 

structure (Balazic et al., 2007; Liu et al., 2013; Chang et al., 2017). The addition of a 

substitutional niobium alloyant element to the titanium matrix contributed to the formation of 

the β-Ti phase in the microstructure by lowering the α-Ti → β-Ti phase solvus line in all-porous 

binary Ti-xNb alloys. Research conducted in the past have shown that the phase 

transformation from the α-Ti to the β-Ti phase for commercially pure titanium normally starts 

at approximately 882°C, but the α-Ti → the β-Ti phase solidus transformation for the Ti-15Nb 

(wt.%) alloy occurs at about 777°C and that for the Ti-20Nb (wt.%) alloy occurs at about 734°C. 

It was concluded that with the increase of niobium concentrations in the titanium matrix, a 

reduction in the solvus line promoted the β-Ti phase formation, which resulted in lower ultimate 

compressive strength and yield strengths values in the all-porous binary Ti-xNb alloys 

achieved in this thesis (Nazari et al., 2015). 

 

The elastic modulus of the low and highly porous binary Ti-xNb alloys decreased with the 

presence of a space holder from 41 GPa to 12 GPa for Ti-10Nb, 32 GPa to 6.7 for Ti-20Nb, 

and 28 GPa to 4.5 GPa for Ti-30Nb, which revealed that general porosity had a great influence 

on the elastic modulus of the highly porous binary Ti-xNb alloys. The results demonstrated 

that the highest elastic modulus of 41 GPa was obtained from the low porous binary Ti-10Nb 

alloy with general porosity of 20%; the lowest, of only 4.5 GPa, was achieved from the highly 

porous binary Ti-30Nb alloy with general porosity of 58%. The elastic modulus of the low 

porous binary Ti-10Nb alloy was about 12 times higher than that of the highly porous binary 

Ti-30Nb alloy. Consequently, the general porosity reduced the elastic modulus of the alloys 

achieved in this thesis. 
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Table 5.1. Compressive performance of the low and highly porous binary Ti-xNb (x: 10, 20, 

and 30; at.%) alloys. 

 

Mechanical properties 

Ti-

10Nb 

Ti-

20Nb 

Ti-

30Nb 

Ti-

10Nb+

20SH 

Ti-

20Nb+

20SH 

Ti-

30Nb+

20SH 

Ultimate compressive strength (MPa) 1295 802 618 331 127 48 

Yield strength (MPa) 687 136 112 64 46 22 

Elastic modulus (GPa) 41 32 28 12 6.7 4.5 
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Figure 5.1. Stress-strain curves of the low and highly porous binary Ti-xNb (x: 10 20, and 30; 

at.%) alloys (The error bars represent standard deviation). 
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Figure 5.2. Stress-general porosity relationship of the low and highly porous binary Ti-xNb (x: 

10 20, and 30; at.%) alloys. 

 

5.1.2. Compressive performance of Binary Titanium-Zirconium Alloys 

The stress-strain curve of the low and highly porous binary Ti-20Zr alloys sintered at 1200°C 

for six hours is presented in Fig. 5.3. The mechanical properties of the alloys are summarised 

in Table 5.2. The ultimate compressive strength value of the low porous binary Ti-20Zr with 

general porosity of 22% alloy was 1376 MPa, while that of the highly porous binary Ti-20Zr 

with general porosity of 44% alloy was 356 MPa (see Fig. 5.4.). This finding demonstrated 

that ultimate compressive strength values of the alloys were highly dependent on the fixed 

amount of the space holder agent. The same tendency was observed in yield strengths. 

Regarding this, the yield strengths of the low and highly porous binary Ti-20Zr alloys with 

general porosities of 22% and 43% were about 644 MPa and 103 MPa, respectively. 

 

On the other hand, the elastic modulus values decreased from 49 GPa to 14 GPa by adding 

a space holder agent, which was consistent with the research conducted in the past (Torres-

Sanchez et al., 2017). The elastic modulus of the low porous binary Ti-20Zr alloy with general 

porosity of 22% was about three times higher than that of the highly porous binary Ti-20Zr 

alloy with general porosity of 21%. 

 

However, in this thesis, general porosity was not the only criterion to evaluate the mechanical 

performance of the low and highly porous binary Ti-20Zr alloys. The other key parameter 

affecting mechanical performance was microstructure. According to the equilibrium phase 
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diagram of the titanium-zirconium binary systems, no intermetallic compound formed. 

Therefore, the mechanical performance of the titanium-zirconium systems, including ultimate 

compressive strength and yield strength, is also intrinsically linked to solid-solution 

strengthening by distorting the crystalline lattices (Ho et al., 2008). The microstructural 

examination results of the low and highly porous Ti-20Zr binary alloys showed Widmanstatten 

patterns composed of the hcp α-Ti phase and some distorted hcp αʹ-Ti phases, as seen in the 

SEM micrographs. 

 

Table 5.2. Compressive performance of the low and highly porous binary Ti-20Zr (at.%) alloys. 

 

Mechanical properties 

 

Ti-

20Zr 

 

Ti-20Zr + 

20SH 

Ultimate compressive strength (MPa) 1376 356 

Yield strength (MPa) 644 103 

Elastic modulus (GPa) 49 14 

   

 

 

Figure 5.3. Stress-strain curves of the low and highly porous binary Ti-20Zr (at.%) alloys (The 

error bars represent standard deviation). 
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Figure 5.4. Stress-general porosity relationship for the low and highly porous binary Ti-20Zr 

(at.%) alloys. 

 

5.1.3. Compressive performance of Ternary Titanium-Niobium-Zirconium Alloys 

The experimental stress-strain curve obtained by a compressive test of the low and highly 

porous ternary Ti-xNb-10Zr alloys sintered at 1200°C for six hours is presented in Fig. 5.5, as 

a function of the presence of a space holder agent and niobium concentrations in titanium-

zirconium mixtures. The mechanical properties of the low and highly porous ternary Ti-xNb-

10Zr alloys achieved in this thesis are summarised in Table 5.3. The different results were 

found in the mechanical performance of the alloys. Accordingly, the ultimate compressive 

strength values for low porous ternary Ti-10Nb-10Zr with general porosity of 21% and Ti-20Nb-

10Zr with general porosity of 25% were found as 1019 MPa and 767 MPa, while those for 

highly porous ternary Ti-10Nb-10Zr with general porosity of 50% and Ti-20Nb-10Zr with 

general porosity of 56% alloys were determined as 173 MPa and 78 MPa, respectively (see 

Fig.5.6.). The yield strength values for the low porous ternary alloys were about 523 MPa for 

Ti-10Nb-10Zr with general porosity of 21% and 394 MPa for Ti-20Nb-10Zr with general 

porosity of 25%, while those for the highly porous ternary alloys were 155 MPa for Ti-10Nb-

10Zr with general porosity of 50% and 63 MPa for Ti-20Nb-10Zr with general porosity of 56%. 

With increasing general porosity, the ultimate compressive strengths and yield strengths of 

the highly porous ternary Ti-xNb-10Zr decreased remarkably. Research conducted in the past 

revealed that porosity properties such as porosity level, pore size, and pore distribution 

influenced crack initiation during compressive tests (Zheng et al., 2023). This is because 

cracks preferentially occurred in the pores expanded with increasing compressive strength, 

which resulted in a serious reduction in the ultimate compressive strengths and yield strengths 
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in highly porous ternary Ti-xNb-10Zr alloys. The pore characteristics of the highly porous 

ternary Ti-xNb-10Zr (x: 10 and 20; at.%) alloys with general porosities of 50% and 55% were 

visible from their SEM micrographs, consistent with the general porosity ratios of the alloys. 

 

Table 5.3. Mechanical properties of the low and highly porous ternary Ti –xNb-10Zr (x: 10 and 

20; at.%) alloys. 

 

Mechanical properties 

Ti-

10Nb-

10Zr 

Ti-

20Nb-

10Zr 

Ti-10Nb-

10Zr + 

20SH 

Ti-

20Nb-

10Zr + 

20SH 

Ultimate compressive strength (MPa) 1019 767 173 78 

Yield strength (MPa) 523 394 155 63 

Elastic modulus (GPa) 32 25 6.6 3.9 
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Figure 5.5. The stress-strain curves of the low and highly porous ternary Ti –xNb-10Zr (x: 10 

and 20; at.%) alloys (The error bars represent standard deviation). 

 

As seen in Table 5.3, elastic modulus values for low porous ternary Ti-xNb-10Zr (x: 10 and 

20; at.%) alloys were 32 GPa and 25 GPa, while those for the highly porous ternary Ti-xNb-

10Zr alloys were 6.6 GPa and 3.9 GPa. The maximum modulus of elasticity was 32 GPa for 

low porous ternary Ti-10Nb-10Zr alloy with general porosity of 21%. Also, the resulting elastic 

modulus was only 3.9 GPa, as the general porosity of the highly porous ternary Ti-20Nb-10Zr 

alloy increased to 57%. The elastic modulus of the low porous ternary Ti-10Nb-10Zr alloy was 

about eight times higher than that of the highly porous ternary Ti-20Nb-10Zr alloy. 
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Figure 5.6. Stress-general porosity relationship of the low and highly porous ternary Ti-xNb-

10Zr (x: 10 and 20; at.%) alloys. 

 

5.2. Discussion 

Based on the literature review, the mechanical properties of the final alloy fabricated by 

powder metallurgy can be optimised by modifying the processing parameters, such as adding 

a space holder, composition of the initial powders used, compacting, sintering temperature, 

and time. The alloys achieved in this thesis were fabricated by powder metallurgy with two 

categories of porosities, 20% to 29% and 43% to 56%. The space holder technique was 

employed to generate the high porosities. Human bone possesses a porous structure. These 

general porosities are essential for bone ingrowth and other cellular activities. Additionally, 

some studies revealed these general porosities were appropriate for reducing the risk of the 

stress-shielding effect (Savio and Bagno, 2020). In this thesis, to mimic this feature of natural 

bone, the alloys achieved were produced to have a porous structure. Accordingly, the highly 

porous alloys with general porosities in the range of 43% to 56% exhibited mechanical 

performance closer to the mechanical behaviour of human bone than the low porous alloys 

with general porosities between 20% and 29%. Such conditions showed that powder 

metallurgy with the space holder technique was a crucial factor for adjusting the mechanical 

properties of the alloys studied in this thesis by generating extra porosity inside the 

microstructure. According to this concept, the highly porous binary Ti-30Nb alloy with the 

highest general porosity of 56% had the lowest stress of 48 MPa, while maximum stress was 

obtained in the low porous binary Ti-10Nb alloy the with lowest general porosity of 22% as 

1376 MPa. As seen from here, there was an inverse proportion between ultimate compressive 

strength and general porosity. In tissue engineering, general porosity is essential for cell 
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viability and other cellular activities because it encourages the migration of cells and the 

growth of tissue by facilitating the exchange of nutrients and oxygen (Prakoso et al., 2023). 

However, it adversely affects the strength and stiffness of the implant material, so implant 

failure may occur at loads that are much lower than the loads that the implant can withstand. 

In addition, some studies suggest that larger pores may lead to shorter fatigue lives as fatigue 

cracks tend to initiate at the pore surface (Tammas-Williams et al., 2017). Therefore, there is 

a delicate balance between mechanical properties and the general porosity of the material. 

The mechanical performance of the alloys achieved in this study was lower than that of the 

alloys with stiff structures due to their porosity values. Some studies have shown that when 

the general porosity of the material increases, the elastic modulus exponentially reduces 

(Wang et al, 2013). On the other hand, randomly distributed pores can agglomerate and 

become a defect. Therefore, size, morphology, and distribution of the pores have crucial effect 

on mechanical testing of the alloys. The mechanical performances of the alloys were strongly 

related to porosity characteristics. It was concluded that general porosity of the alloys achieved 

in this thesis should be carefully checked to obtain the desired mechanical properties.  

 

However, general porosity was not the only criterion to determine the mechanical performance 

of the low and highly porous alloys studied in this thesis. The other key parameter affecting 

mechanical testing was the microstructure or chemical composition of the alloys. Many studies 

demonstrated that the strength properties of titanium-based alloys can be controlled by 

altering phase structure (Ma et al., 2022). Different niobium contents were therefore alloyed 

to titanium and titanium-zirconium mixtures to see the individual effects of the chemical 

composition. Accordingly, increasing niobium concentrations from 10% to 30% slightly 

decreased the strength properties of the low and highly porous binary Ti-xNb alloys by 

increasing the formation of the β-Ti phase in the titanium-niobium mixtures, which was 

confirmed by other studies. Compared to the α-Ti phase, the β-Ti phase tends to have less 

stiffness and greater ductility, which makes it a suitable candidate for biomedical applications 

(Alabort et al., 2022). Altering the phase constituents of the alloys obtained in this thesis played 

a minimal role in the mechanical behaviours compared to adding a space holder agent. On 

the other hand, zirconium is a neutral element for titanium-based alloys. Therefore, adding 

zirconium did not change the microstructure of the low and highly porous Ti-20Zr alloys. 

However, alloying niobium concentration had a crucial impact on their microstructure and 

mechanical testing. In summary, our findings on the mechanical performance of fabricated all-

porous Ti-xNb, Ti-20Zr, and Ti-xNb-10Zr alloys were supported by research conducted in the 

past. Kaya mentioned that adding niobium into titanium matrix diminished the elastic modulus 

of the alloys, which provided better mechanical match between the alloy used as implant 

material and bone structure (Kaya et al., 2019).  
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Chapter 6. Corrosion Performance 

This chapter discusses the corrosion resistance performance of the low and highly porous Ti-

xNb (x: 10, 20, and 30; at.%), Ti-20Zr (at.%) and Ti-xNb-10Zr (x: 10, and 20; at.%) alloys, 

which was analysed by potentiodynamic polarisation experiment on an E-Zastat potentiostat 

workstation, using an electrochemical flat cell that contains Hanks’ Balanced Salt Solution 

(HBSS) (350 mL.cm-2, Fisher Scientific). The alloy sample, an SCE, and a plate of platinum 

were employed as working electrodes (exposed area of 1 cm²), reference electrode and 

counter electrode, respectively. Potentiodynamic polarisation curves were measured from -

0.75 V (vs. open circuit potential) to 1.25 V with a scan rate of 0.01 V.s-1. Here, the corrosion 

potential (Ecorr) and the corrosion current density (icorr) of the alloys were determined by fitting 

the data to the Tafel curves. Based on the electrochemistry concept, a high value of Ecorr and 

a low value of icorr are reliable indicators showing a material's good corrosion resistance (Qin 

et al., 2018; Abdelrhman et al., 2019). The polarisation resistance (Rp) was acquired using the 

Stern-Geary equation (see Eq. 6.1.) (Stern and Geary, 1957). 

 

𝑅𝑝 =
β𝑎×β𝑐

2,303 × 𝐼𝑐𝑜𝑟𝑟(β𝑎+β𝑐)
                                                                                                       (6.1.) 

Rp : Polarisation resistance (Ω/cm2) 

βa : The anodic Tafel slope (V dec-1) 

βc : The cathodic Tafel slope (V dec-1) 

icorr : Corrosion density (µA cm-2) 

 

6.1. Results 

The corrosion performance of the low and highly porous Ti-xNb, Ti-20Zr and Ti-xNb-10Zr 

alloys sintered at 1200°C for six hours was determined by using a potentiostat (EZstat) to 

ascertain the effect of chemical formula on the Tafel plots. The detailed chemical compositions 

of the HBSS used in the electro-corrosion experiment are given in Table 6.1. 
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Table 6.1. The chemical compositions of HBSS used in the experiment (Zhang et al., 2018). 

Components Concentration (g/l) 

NaCl 8.0 

CaCl2 0.14 

KCl 0.37 

NaHCO3 0.30 

C6H12O6 1.0 

MgCl2•6H2O 0.10 

Na2HPO4•12H2O 0.03 

KH2PO4 •12H2O 0.03 

MgSO4•7H2O 0.03 

 

6.1.1. Corrosion Performance of Binary Titanium-Niobium Alloys 

The corrosion behaviours of the low and highly porous binary Ti-xNb alloys sintered at 1200°C 

for six hours were examined by the Tafel extrapolation method in HBSS. The graphic data 

resulting from Tafel slopes are given in Fig. 6.1. Also, the corrosion kinetics parameters are 

listed in Table 6.2. Ecorr values for the low porous binary Ti-xNb alloys with different niobium 

concentrations (10, 20 and 30; at.%) were -0.64 mV, -0.26 mV, -0.21 mV; icorr values for these 

alloys were 0.65 µA.cm-2, 1.63 µA.cm-2, and 1,77 µA.cm-2 respectively. According to this 

concept, the minimum corrosion rate was observed on the low porous binary Ti-30Nb alloy 

(porosity: 25%) with an Ecorr of -0.21 mV, and icorr of 1.77 µA.cm-2, while the maximum was 

achieved from the low porous binary Ti-10Nb (porosity: 21%) alloy with an Ecorr of -0.64 mV 

and icorr of 0.65 µA.cm-2. On the other hand, Ecorr values for the highly porous binary Ti-xNb 

alloys with different niobium concentrations (10, 20 and 30; at.%) were -0.51 mV, -0.27 mV, -

0.22 mV; icorr values for these alloys were 0.84 µA.cm-2, 1.45 µA.cm-2 and 0.49 µA.cm-2, 

respectively. According to this concept, the low and highly porous binary Ti-xNb alloys 

exhibited superior corrosion resistance and good passivity. In addition, as seen in the 

polarisation curves, a slight shift in the Ecorr values in the positive direction was observed 

depending upon increasing niobium concentration, which showed that a slight enhancement 

in the corrosion rate occurred (Li et al., 2018; Choubey et al., 2018; Pandey et al., 2022; Tanji 

et al., 2022). However, adding a space holder agent to the titanium matrix did not seriously 

change the corrosion rate of the highly porous binary Ti-xNb alloys. It was concluded that low 

and highly porous binary Ti-xNb alloys were good candidates for orthopaedic biomaterial 

application in terms of corrosion rate. 
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Figure 6.1. Representative polarisation curves for the low and highly porous binary Ti-xNb 

(x:10, 20 and 30; at.%) alloys. 
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Table 6.2. The corrosion kinetics parameters for low and highly porous binary Ti-xNb (x:10, 

20 and 30; at.%) alloys in HBSS. 

Ecorr (mV.SCE) βa (V 

dec-1) 

βc (V 

dec-1) 

icorr (µA/cm2) Rp (Ω/cm2) 

Ti-10Nb -0.64 0.73 0.17 0.65 0.09 

Ti-20Nb -0.26 1.24 0.47 1.63 0.08 

Ti-30Nb -0.21 0.53 0.42 1.77 0.05 

Ti-10Nb+20SH -0.51 0.65 0.22 0.84 0.085 

Ti-20Nb+20SH -0.27 0.25 0.40 1.45 0,046 

Ti-30Nb+20SH -0.22 0.54 0.17 0.49 0.11 

 

6.1.2. Corrosion Performance of Binary Titanium-Zirconium Alloys 

The polarisation curve of the low and highly porous binary Ti-20Zr alloys in HBSS is presented 

in Fig. 6.2. As stated before, the current density (icorr) and potential (Ecorr) values were 

calculated by using the extrapolation method. Tafel curves of anodic and cathodic branches 

(βa and βc) and other parameters are given in Table 6.3. Regarding this, the Ecorr values for 

low and highly porous binary Ti-20Zr alloys were −0.35 mV, −0.44 mV, while icorr values for 

these alloys were determined as 0.33 µA.cm-2 and 0.67 µA.cm-2, respectively. The polarisation 

resistances were calculated from the Stern-Geary equation given previously as 0.15 Ω/cm2 for 

low porous binary Ti-20 alloy (porosity: 22%) and 0.14 Ω/cm2 for highly porous binary Ti-20Zr 

alloy (porosity: 43%). As seen in Fig. 6.2, the anodic currents of the low and highly porous 

binary Ti-20Zr alloys increased by the potential applied. This behaviour showed that TixO or 

ZryO (i.e., Ti2O3, TiO2, and ZrO2) films were formed on their surfaces. This is because titanium 

or zirconium reacts with oxygen, which can self-passivate the material and protect the alloys 

from corrosion (Cvijović-Alagić et al., 2011). As a result, low and highly porous binary Ti-20Zr 

alloys studied in this thesis were potential candidates for biomedical applications. 

 

Relatively higher Ecorr and lower icorr values showed us that the low porous binary Ti-20Zr alloy 

exhibited slightly better corrosion resistance compared to other alloys. This slight difference 

in corrosion resistance could be because the exposed surface areas for the highly porous 

binary Ti-20Zr alloy were much higher than those for the low porous binary Ti-20Zr alloy during 

the polarisation test. According to this, adding a space holder to titanium-zirconium mixtures 

did not enhance the polarisation features. 
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Figure 6.2. Representative polarisation curves for low and highly porous binary Ti-20Zr (at.%) 

alloys. 

 

Table 6.3. The corrosion kinetics parameters for low and highly porous binary Ti-20Zr (at.%) 

alloys in HBSS. 

Ecorr (mV.SCE) βa (V dec-1) βc (V dec-1) icorr 

(µA/cm2) 

Rp (Ω/cm2) 

Ti-20Zr -0.35 0.74 0.14 0.33 0.15 

Ti-20Zr + 

20SH 

-0.44 0.80 0.30 0.67 0.14 

 

6.1.3. Corrosion Performance of Ternary Titanium-Niobium-Zirconium Alloys 

The typical cyclic potentiodynamic polarisation curve for the low and highly porous ternary Ti-

xNb-10Zr alloys is given in Fig. 6.3. The summary of the results is also given in Table 6.4. 

Ecorr for low porous ternary Ti-xNb-10Zr (x: 10 and 20; at.%) alloys were found in a range from 

-0.07 mV to -0.077 mV in HBSS. The Tafel curve of low porous ternary Ti-20Nb-10Zr alloy 

(porosity: 28%) was slightly closer to the positive side of the corrosion potential, which 

revealed that this type of alloy had a lower current density (icorr: 2.26 µA.cm-2) than low porous 

ternary Ti-10Nb-10Zr alloys (porosity: 20%) (icorr: 2.40 µA.cm-2). Further, Rp values for low 

porous ternary alloys were about 0.09 Ω/cm2 for Ti-10Nb-10Zr and 0.06 Ω/cm2 for Ti-20Nb-

10Zr. This finding indicated that the corrosion rate for low porous ternary Ti-20Nb-10Zr alloys 

was slightly lower than that for low porous ternary Ti-10Nb-10Zr alloys due to increased 

niobium concentrations in titanium-zirconium mixtures. On the other hand, Ecorr for the highly 

porous ternary Ti-xNb-10Zr (x: 10 and 20; at.%) alloys were -0.55 mV and -0.48 mV, while icorr 
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for these alloys was about 0.67 µA.cm-2 and 0.39 µA.cm-2, respectively. Further, Rp values 

calculated from these results (Ecorr and icorr) were 0.12 Ω/cm2 and 0.16 Ω/cm2, respectively. As 

understood from the Rp values, the low and highly porous ternary Ti-xNb-10Zr alloys fabricated 

in this study exhibited enhanced corrosion resistances, as adding niobium and zirconium 

contributed to the formation of the oxide film. In conclusion, low and highly porous ternary Ti-

xNb-10Zr alloys had superior corrosion behaviours and were suitable for use as orthopaedic 

biomaterials. 

 

 

 

 

Figure 6.3. Representative polarisation curves for low and highly porous ternary Ti-xNb-10Zr 

(x: 10 and 20; at.%) alloys. 
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Table 6.4. The corrosion kinetics parameters for low and highly porous ternary Ti-xNb-10Zr 

(x: 10 and 20; at.%) alloys in HBSS. 

Ecorr (mV.SCE) βa (V 

dec-1) 

βc (V 

dec-1) 

icorr 

(µA/cm2) 

Rp (Ω/cm2) 

Ti-10Nb-10Zr -0.07 1.75 0.75 2.40 0.09 

Ti-20Nb+10Zr -0.077 1.52 0.4 2.26 0.06 

Ti-10Nb-10Zr 

+ 20SH 

-0.55 0.86 0.24 0.67 0.12 

Ti-20Nb+10Zr 

+ 20SH 

-0.48 0.92 0.18 0.39 0.16 

 

6.2. Discussion 

The unique combination of acceptable strength properties, good corrosion resistance, and 

superior biocompatible features makes titanium-based alloys highly attractive for biomedical, 

aerospace, and chemical industries (Makurat-Kasprolewicz and Ossowska, 2023). In 

particular, corrosion performance is a key factor in determining the reliability and durability of 

titanium-based alloys for biomedical applications (Seo et al., 2023). Potentiodynamic 

polarisation results showed that the low porous Ti-xNb, Ti-20Zr and Ti-xNb-10Zr alloys met 

the corrosion performance criteria required for orthopaedic biomaterial use although these 

alloys had inhomogeneous structures caused by powder metallurgy. This is mainly due to the 

fact that the individual elements that make up the alloys are resistant to corrosion (Majumdar 

et al., 2023; Chen et al., 2023). The same tendency was observed in the highly porous alloys. 

This situation showed that general porosity did not play a vital role in corrosion resistance of 

the alloys achieved in this thesis. This result was consistent with other studies. Accordingly, 

influence of general porosity on the corrosion performance is not straightforward. However, it 

can be said that increased general porosity of the material may be slightly caused reduced 

corrosion resistance (Guerra et al., 2020). General porosity created by space holders can 

generate areas where corrosion is more likely to initiate and propagate. Therefore, highly 

porous alloys exhibited slightly lower corrosion resistance compared to low porous alloys. 

Nevertheless, the low and highly porous Ti-xNb, Ti-20Zr, and Ti-xNb-10Zr alloys had superior 

corrosion behaviours and were suitable for use as orthopaedic biomaterials. This finding had 

a positive effect on the biocompatibility features of the alloys. It was concluded that general 

porosity should be carefully controlled to obtain the desired corrosion resistance. 

 

However, adding niobium had a crucial effect on the corrosion rate of the alloys achieved in 

this thesis. Niobium can promote the formation of a stable and protective oxide layer on the 
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surface of the alloy, which enhances the alloy's corrosion resistance. However, optimal 

niobium concentration is related to different parameters and should be controlled according to 

the specific application. Our findings on corrosion resistances of fabricated all-porous Ti-xNb, 

Ti-20Zr and Ti-xNb-10Zr alloys were supported by other studies. Increased niobium 

concentration improved the corrosion resistances of the low and highly porous Ti-xNb, Ti-xNb-

10Zr alloys. 

 

Corrosion performances of Ti-xNb and Ti-xNb-10Zr alloys were determined to be more 

sensitive to niobium concentration in titanium matrix than general porosity level, while 

mechanical behaviour of the alloys achieved in this thesis were dramatically affected by 

general porosity. All elements (titanium, zirconium, and niobium) used in this thesis exhibited 

biocompatible features. In this context, the main criterion that will determine the success of 

the alloys produced in this thesis is the mechanical properties of the alloys. Obtaining 

mechanical properties close to bone tissue is essential in this study. It is a fact that; The 

mechanical properties of highly porous Ti-xNb, Ti-20Zr and Ti-xNb-10Zr alloys were closer to 

the mechanical properties of bone tissue. This also reduced the risk of stress shielding effect. 
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Chapter 7. In Vitro Analysis 

This chapter discusses fibroblasts of the L929 cell type, which are the most abundant cells in 

the connective tissues of animals and have many functions. Their main function is to 

synthesise the protein collagen, which plays a crucial role in wound healing (Cannella et al., 

2019). Osteoblasts of the Saos-2 cell type are another type of cell that can mimic the response 

of human bone. Therefore, in this thesis, these types of cell lines were selected to examine 

during in vitro studies such as cell viability and proliferation, adhesion potential, and 

genotoxicity, fibronectin adsorption and plasmid-DNA interaction assay. 

 

7.1. Results 

7.1.1. In Vitro Analysis of Binary Titanium-Niobium Alloys 

Cytotoxicity assay extract method: The cell viability percentage of L929 and Saos-2 exposed 

to the low and highly porous binary Ti-xNb alloys, Dulbecco's modified eagle medium - Cell 

Culture Ingredients (DMEM), and the TiGR4 (reference sample) extracts for one day, three 

days and seven days is reported in Fig. 7.1 (p < 0.05). According to the results obtained, the 

different incubation times (one day, three days and seven days) did not lead to any dramatic 

influence on the L929 and Saos-2 cell viabilities, which demonstrated that all examined binary 

Ti-xNb alloys were not cytotoxic or allergic at tested conditions. In this regard, the cell viability 

upon exposure to the extracts of all-porous binary Ti-xNb alloys studied in this thesis was 

found to be 87% to 96% for L929 and 73% to 90% for Saos-2 cell lines (p < 0.05). The 

maximum L929 cell viability rate of 99.42% was observed in highly porous binary Ti-30Nb 

alloy with general porosity of 58% for seven days. This finding was even higher than the cell 

viability rates of TIGR4. This behaviour showed that highly porous structures within such alloys 

promoted biological fixation by providing sites for cell growth and proliferation. This is because 

the presence of highly porous structures has a specific effect: it encourages and supports the 

attachment and growth of cells. This phenomenon is significant in medical and tissue 

engineering applications. The minimum L929 cell viability rate of 87.35% was found in low 

porous binary Ti-10Nb alloys with general porosity of 20%. This finding was almost identical 

to cell viability rates of TIGR4 for all incubation times. Parallel results were obtained from the 

Saos-2 cell line viabilities. Here, the highly porous binary Ti-30Nb alloy with general porosity 

of 58% for seven days exhibited the highest Saos-2 cell viability rate of 89.71%, while the 

highly porous binary Ti-10Nb alloy with general porosity of 55% for one day had the lowest 

rate at 70%. Even though all-porous binary Ti-xNb alloys were found to be biocompatible, they 

had significant differences in cell viability. However, these results showed that all pore 

characteristics achieved in this thesis provided an adequate site for cell ingrowth and 

proliferation. According to this concept, low and highly porous binary Ti-xNb alloys had 

excellent L929 and Saos-2 cell viability for all incubation times. Alloying niobium with titanium 
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and adding a space holder improved the L929 and Saos-2 cell viability of titanium-niobium 

mixtures. In conclusion, the results revealed that the low and highly porous binary Ti-xNb 

alloys studied in this thesis provided the criteria of biocompatibility required for the use of 

orthopaedic biomaterial, which was at least 70% according to ISO 10993-5. 

 

 

 

 

Figure 7.1. The cell viability of L929 and Saos-2 exposed to the extracts of the reference 

TiGR4 and all-porous binary Ti-xNb (x:10, 20 and 30; at.%) alloys for one day, three days and 

seven days and measured by MTT assay (data represent mean ± SD, n = 3. for p < 0.05). 
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The violet formazan crystals are a product of the MTT assay. It is a reliable indicator for 

showing proliferation and cell viability in vitro. At his point, the MTT assay can be widely 

employed for analysing the cell viability and proliferation. The intensity of the formazan colour 

gives us number of viable cells. The images of the violet formazan crystals occurring due to 

the activity of viable L929 and Saos-2 cells upon exposure to the extracts of DMEM and the 

reference TiGR4, low and highly porous binary Ti-xNb alloys for one day, three days and 

seven days were taken under an optical microscope (see Fig. 7.2.). The results of MTT assay 

obtained from quantitative OD values were statistically analysed. Fig. 7.2 showed that 

intensity of L929 cell line was better than that of Saos 2 cell line. This was dependent on many 

factors such as cell type used, substrate, temperature, or other cell conditions. According to 

the results obtained from Fig. 7.3., dark areas on the optical images showed the number of 

viable cells distribution in the alloy. Proportion of the dark areas increased according to 

increasing incubation times (1day, 3-day, and 7-day). It was concluded that L929 and Saos-2 

cell monolayers exhibited good cellular morphology and good interaction between L929 and 

Saos-2 cells and substrates for all incubation times. 

 

 

Figure 7.2. The observed cell morphology of (a) L929 and (b) Saos 2 cells on DMEM after 

being treated for 24 h. 
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Figure 7.3. Images of violet formazan crystals occurring due to the activity of viable L929 cells 

and Saos-2 cells upon exposure to the extracts of DMEM, TiGR4 and all-porous binary Ti-xNb 

(x:10, 20 and 30; at.%) alloys for one day, three days and seven days with 10X magnification. 

 

Live-dead viability extract method: The Live/Dead viability extract method is a method 

employed to see live and dead cells in an implant material. L929 and Saos-2 cells were 

exposed to DMEM and the reference TiGR4, the low and highly porous binary Ti-xNb alloy 

extracts for one day, three days and seven days. The fluorescent agents were then added to 

observe the live and dead cells (see Fig.7.4.). In addition to the calorimetric MTT assay, the 

cell viability of L929 and Saos-2 were qualitatively observed after 24 hours of treatment with 

the all-porous binary Ti-xNb alloys, DMEM, and TIGR4. As illustrated in Fig.7.4, the high green 

fluorescence intensity was seen in both cell monolayers. The red fluorescence intensity was 

not clearly visible from the optical images of the alloys achieved in this thesis. The optical 

images with 10x magnification qualitatively confirmed the increased cell viability and 

proliferation of all-porous binary Ti-xNb alloys with increased green fluorescence. 
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Figure 7.4. The images of L929 cells and Saos-2 cells upon exposure to the extracts of the 

TiGR4, DMEM, and all-porous binary Ti-xNb (x:10, 20 and 30; at.%) alloys for one day, three 

days and seven days were taken by fluorescence microscope with 10X magnification. Green 

fluorescent calcein (ex/em ~495 nm/~515 nm) was retained in the live cells and red fluorescent 

Ethidium homodimer, EthD-1 (ex/em ~495 nm/~635 nm) bound to the nucleic acids in the 

membrane-damaged dead cells. 

 

Fibronectin adsorption: Fibronectin adsorption have a crucial role in migration, cell adhesion, 

proliferation, and cell viability in vitro. It was determined after two hours of incubation at 37°C 

in a 5% CO2 atmosphere by the ELISA method (data represent mean ± SD, n = 3. for p < 0.05) 

(see Fig. 7.5.). Increasing the niobium concentration from 10% to 30% in titanium-niobium 

mixtures did not significantly affect the fibronectin adsorption capacity of the all-porous binary 

Ti-xNb alloys. However, higher porosity dramatically increased the fibronectin adsorption 

capacity of the highly porous binary Ti-xNb alloys (p < 0.05). Moreover, the fibronectin 

adsorption capacity of the examined low and highly porous binary Ti-xNb alloys was correlated 

with the results of the cell viability and morphological images. 
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Figure 7.5. Fibronectin adsorption on the TIGR4, all-porous binary Ti-xNb (x:10, 20 and 30; 

at.%) alloy disks after two hours of incubation at 37°C in a 5% CO2 atmosphere (data represent 

mean ± SD, n = 3 for p<0.05). 

 

Plasmid-DNA interactions: To extensively examine the biocompatibility in vitro, the DNA 

damage was also evaluated by genotoxicity. The migration pattern of plasmid DNA incubated 

with extracts of the developed low and highly porous binary Ti-xNb alloys, negative control 

group and TiRG4 reference materials is shown in Fig. 7.6. The bands achieved in this thesis 

were labelled as NC: Nicked circular, SC: supercoiled, ddH2O was served as negative control. 

According to this, highly porous Ti-10Nb alloy exhibited Nicked circular DNA plasmid form, 

while the other alloys displayed supercoiled DNA form, including TiGRA 4 and negative control 

group. These results achieved showed that neither low porous nor highly porous binary Ti-

xNb alloys induced DNA damage into L929 and Saos-2 cell lines. In other words, the low and 

highly porous binary Ti-xNb alloys studied in this thesis did not interact with the DNA plasmid.  
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Figure 7.6. Plasmid-DNA interaction assay for the negative control, TIGR4, and all-porous 

binary Ti-xNb (x:10, 20 and 30; at.%) alloys (NC: nicked circular; SC: supercoiled). 

 

Scanning electron microscopy showing cell morphology observation (SEM): To investigate 

L929 and Saos-2 cell morphologies, SEM micrographs of L929 and Saos-2 cell types planted 

on polished all-porous binary Ti-xNb alloys and TIGR4 were evaluated by SEM at 500X and 

2500X magnifications. Here, Saos-2 cells attached to the surfaces of Ti-xNb alloy disk after 

72 hours was observed (see Fig. 7.7.). Saos 2 cell adherence on Ti-xNb alloys was good as 

understood from Fig. 7.7.  

 

SEM images of viable L929 and Saos-2 cells on TiGR4 and all-porous binary Ti-xNb (x: 10, 

20 and 30; at.%) alloys for one day and seven days with 2500X and 500X magnifications are 

given in Fig. 7.8. The existence of viable L929 cell lines suspended on the substrate was 

normal because L929 cell lines came detached from the surface by becoming round during 

the division. On the other hand, smooth morphological images of Saos-2 cells on the 

substrates were seen that were connected by cytoplasmic extensions, and the Saos-2 cells 

were also well spread. As foreseen, the surface roughness of the highly porous binary Ti-xNb 

alloys with an average general porosity of 56% was higher than those of low porous binary Ti-

xNb alloys with an average general porosity of 24%. However, because the surface roughness 

of the low and highly porous Ti-xNb (x: 10, 20 and 30; at.%) was quite high, there were no big 

differences between the cell attachment and proliferation of Saos-2 and L929 cells. In 

conclusion, L929 and Saos-2 cells were well attached to the surface of the all-porous binary 

Ti-xNb alloys, which revealed that good integration with the substrate was achieved for both 

low and highly porous binary Ti-xNb alloys. 
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Unlike vanadium, nickel and aluminium added for alloying Ti-6Al-4V, the most commonly used 

implant material, niobium in a titanium matrix, did not adversely affect cell growth and 

proliferation. Based on the results, niobium can be safely employed as an alloyant element. 

As a result, in vitro biocompatibility of all-porous binary Ti-xNb alloys did not induce toxic or 

allergic response for L929 and Saos-2 cell lines, indicating that adding the niobium element to 

the titanium matrix would not cause cytotoxicity. 

 

 

Figure 7.7. SEM images of Saos-2 cells seeded on Ti-xNb alloy disk and incubated for 72 

hours.   
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Figure 7.8. SEM images of viable L929 and Saos-2 cells on TiGR4 and all-porous binary Ti-

xNb (x: 10, 20 and 30; at.%) alloys for one day and seven days with 2500X and 500X 

magnifications. 
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7.1.2. In Vitro Analysis of Binary Titanium-Zirconium Alloys 

Cytotoxicity assay extract method: The cell viability of L929 and Saos-2 exposed to the low 

and highly porous binary Ti-20Zr alloys, DMEM, and the reference TiGR4 extracts for one day, 

three days and seven days is presented in Fig. 7.9. (p < 0.05). All examined binary Ti-20Zr 

alloys did not exhibit cytotoxic effects at tested conditions. The cell viability upon exposure to 

the extracts of the examined all-porous binary Ti-20Zr alloys was found to be 86% to 99% for 

L929 and 82% to 93% for Saos-2 cell lines. Unexpectedly, the highest L929 cell viability rate 

of 99% was observed in low porous binary Ti-20Zr alloy with general porosity of 22% for seven 

days, while the lowest L929 cell viability rate of 76.5% was found in highly porous binary Ti-

20Zr alloy with general porosity of 43% for one day. On the other hand, the maximum Saos-2 

cell viability rate of 84.78% was determined in the highly porous binary Ti-20Zr alloy with 

general porosity of 43% for three days, while the minimum rate of 79.42% was found in the 

highly porous binary Ti-20Zr alloy with general porosity of 43% for three days. These findings 

demonstrated that all-porous binary Ti-20Zr alloys for incubation periods of one day, three 

days and seven days were bio-safe and the use of zirconium and its combination with the 20 

wt.% space holders did not improve the potential of the alloy as an orthopaedic biomaterial. 
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Figure 7.9. The cell viability of L929 and Saos-2 exposed to the extracts of DMEM, TiGR4, 

and all-porous binary Ti-20Zr (at.%) alloys for one day, three days and seven days measured 

by MTT assay (data represent mean ± SD, n = 3. for p < 0.05). 

 

The proportion of formazan crystals show the intensity of living cell lines on the substrate and 

it is widely employed to determine calculate number of living cells. To confirm qualitative cell 

viability results, the images of the live cells upon formation of the formazan salt with violet 

colour upon low and highly porous binary Ti-20Zr alloys are presented in Fig. 7.10. Black 

spots on the optical images were showing densification of the L929 and Saos 2 cell line, while 

grey areas was classified as substrate. The L929 and Saos 2 cell lines grown on the low and 

highly porous binary Ti-20Zr alloys, were spread to a great extent and intimately attached to 

surfaces an almost comparable manner to that of TiGR4 and DMEM. The Saos-2 cells 

exhibited less spreading patterns compared to that of L929 counterparts. Nevertheless, the 

optical images demonstrated that L929 and Saos-2 cells cultured in the extract of low and 

highly binary Ti-20Zr alloys grew well. Further, the L929 and Saos-2 cells grown on the all-

porous binary Ti-20Zr alloys were spread to a great extent. When the incubation times of one 

day, three days and seven days were compared, an increase in the number of cells was 
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determined, which qualitatively revealed the cell viability. Therefore, this finding suggested 

good cytocompatibility for all-porous binary Ti-20Zr alloys. 

 

 

Figure 7.10. Images of violet formazan crystals occurring due to the activity of viable L929 

and Saos-2 cells upon exposure to the extracts of DMEM, TiGR4 and all-porous binary Ti-

20Zr (at.%) alloys for one day, three days and seven days with 10X magnification. 

 

Live-dead viability extract method: The viability of L929 and Saos-2 cell lines were evaluated 

by means of a Live-dead viability extract method, in which the formation of green fluorescence 

is a direct significance of the proportion of living cells. The fluorescent images indicated that 

intense green fluorescence refers to living cells, while red fluorescence was linked to dead 

cells. In addition to the calorimetric MTT assay, the cell viability of L929 and Saos-2 were 

qualitatively observed after 24 hours of treatment with the all-porous binary Ti-20Zr alloys and 

the controls (see Fig. 7.11.). The fluorescence images of L-929 and Saos-2 cell types cultured 

for one day, three days and seven days in the extracts of low and highly porous binary Ti-20Zr 

alloys, DMEM, and TIGR4 increased with incubation times. This indicated outstanding cell 
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growth, confirming that all-porous binary Ti-20Zr alloys had high metabolic activity for all 

incubation times. 

 

 

 

 

Figure 7.11. The images of L929 cells and Saos-2 cells upon exposure to the extracts of 

DMEM, TiGR4 and all-porous binary Ti-20Zr (at.%) alloys for one day, three days and seven 

days were taken by fluorescence microscope with 10X magnification. Green fluorescent 

calcein (ex/em ~495 nm/~515 nm) was retained in the live cells and red fluorescent Ethidium 

homodimer, EthD-1 (ex/em ~495 nm/~635 nm) bound to the nucleic acids in the membrane-

damaged dead cells. 

 

Fibronectin adsorption: L929 and Saos-2 cell proliferation, migration, and tissue integration on 

the low and highly porous binary Ti-20Zr alloys were examined by measuring the adsorption 

potential of fibronectin protein on their surfaces with the ELISA (see Fig. 7.12.). The low 

porous binary Ti-20Zr alloy exhibited much less fibronectin adsorption capacity than the 

reference material TiRG4 and another alloy (p < 0.05). As seen from the Fig. 7.12, higher 

porosity led to high fibronectin absorption since pores increased the penetration of fibronectin. 
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Additionally, TIGR4 reference showed better fibronectin adsorption than low and highly porous 

binary Ti-Zr alloys. 

 

 

Figure 7.12. Adsorption of fibronectin on TIGRA and all-porous Ti-20Zr (at.%) binary alloy 

disks after two hours of incubation at 37°C in a 5% CO2 atmosphere (data represent mean ± 

SD, n = 3 for p<0.05). 

 

Plasmid-DNA interactions: A plasmid-DNA interaction assay was performed to compare the 

negative control group and TİGR4 material during long-term interaction with the tissues (see 

Fig. 7.13.). The band achieved in this thesis were labelled as NC: Nicked circular, SC: 

supercoiled, ddH2O was served as negative control. The plasmid-DNA interaction of the alloy 

extracts was examined, and low porous Ti-20Zr alloys exhibited nicked circular DNA plasmid 

form, while highly porous Ti-20Zr alloys displayed supercoiled DNA plasmid form that can 

occur naturally including negative control group and TiGR4 reference. The low porous binary 

Ti-20Zr alloys exhibited the same pattern compared with that of the biocompatible TiGR4 

reference and negative control. Also, highly porous binary Ti-20Zr alloy did not show genotoxic 

effect. Consequently, the results confirmed no induced genotoxic potential. Plasmid-DNA all-

porous binary Ti-20Zr alloy interaction assay also demonstrated good biocompatibility of the 

developed alloys. None of the tested alloys caused DNA fragmentation, which proved the non-

genotoxicity of the alloys. 
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Figure 7.13. Plasmid-DNA interaction assay for the negative control, TIGR4, and all-porous 

binary Ti-20Zr (at.%) alloys (NC: Nicked circular, SC: supercoiled). 

 

Scanning electron microscopy showing cell morphology: SEM images of Saos-2 cells seeded 

on Ti-20Zr alloy disk is given in Fig. 7.14. Accordingly, Saos-2 cell adherence on Ti-20Zr alloy 

was in good level due to porous structure. SEM micrographs of L929 and Saos-2 cells seeded 

on polished low and highly porous binary Ti-20Zr alloys and TIGR4 are given in Fig. 7.15. No 

dramatic morphological alterations of L929 and Saos-2 cell types for one day and seven days 

were observed. This finding showed that the general porosity of both low and highly porous 

Ti-20Zr binary alloys provided adequate sites for cell growth. Moreover, adherences of L929 

cell line exposure to the extracts of all-porous alloys were better than those of the Saos-2 cell 

line. In conclusion, the biocompatibility in vitro of low and highly porous binary Ti-20Zr alloys 

was judged to be good. 

 

 

Figure 7.14. SEM images of Saos-2 cells seeded on Ti-20Zr alloy disk and incubated for 72 

hours.   
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Figure 7.15. SEM images of viable L929 and Saos-2 cells on TiGR4 and all-porous binary Ti-

20Zr (at.%) alloys for one day and seven days with 2500X and 500X magnifications. 

 

7.1.3. In Vitro Analysis of Ternary Titanium-Niobium-Zirconium Alloys 

Cytotoxicity assay extract method: The cell viability of L929 and Saos-2 exposed to the low 

and highly porous ternary Ti-xNb-10Zr alloys, DMEM, and the reference TiGR4 extracts for 

one day, three days and seven days is reported in Fig. 7.16 (p < 0.05). Based on the results 

achieved from the cytotoxicity assessment, the low and highly porous ternary Ti-xNb-10Zr 

alloys did not lead to allergic or toxic effects and exhibited good viability of L929 and Saos-2 

cell types. Further, all incubation times studied showed good L929 and Saos-2 cell viability, 

which was a good indication for implantology. The cell viability upon exposure to the extracts 

of the examined low and highly porous ternary Ti-xNb-10Zr alloys was found to be 77% to 

97% for L929 and 72% to 80% for Saos-2 cell lines, which revealed that they had significant 

differences in cell viability. The maximum L929 cell viability rate of 97.02% was found in the 

low porous ternary Ti-10Nb-10Zr alloy with general porosity of 21% for seven days, while the 

minimum rate of 76.96% was observed in the highly porous ternary Ti-10Nb-10Zr alloy with 

general porosity of 50% for one day. On the other hand, the highest Saos-2 cell viability rate 

of 79.89% was found in the low porous ternaryTi-20Nb-10Zr alloy with general porosity of 25% 
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for one day, while the lowest rate of 72.48% was observed in the highly porous ternary Ti-

20Nb-10Zr alloy with general porosity of 56% for three days. According to these results, 

increasing the niobium concentration from 10% to 20% in titanium-zirconium mixtures resulted 

in a decrease in L929 cell viability and an improvement in Saos-2 cell viability for all-porous 

ternary Ti-xNb-10Zr alloys. 

 

 

 

Figure 7.16. The cell viability of L929 and Saos-2 exposed to the extracts of DMEM, TiGR4 

and all-porous ternary Ti-xNb-10Zr (x: 10 and 20; at.%) alloys for one day, three days and 

seven days, measured by MTT assay (data represent mean ± SD, n = 3 for p < 0.05). 

 

The images of the violet formazan crystals occurring due to the activity of viable L929 and 

Saos-2 cells upon exposure to the extracts were taken under an optical microscope. The 

results of the MTT assay were obtained from quantitative optical density (OD) values and were 

statistically analysed. At the same time, the images of the live cells upon formation of the 

formazan salt with violet colour upon low and highly porous ternary Ti-xNb-10Zr alloys are 

given in Fig. 7.17. The dark area on the optical images is important since it shows the number 

of viable cells in the alloys. According to the images of the violet formazan crystals, cell growth 

of L929 and Saos-2 on surfaces and inside the pores increased for all incubation times, 
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suggesting that all-porous ternary Ti-xNb-10Zr alloys were favourable for the use of 

orthopaedic biomaterial. 
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Figure 7.17. The images of violet formazan crystals occurring due to the activity of viable L929 

and Saos-2 cells upon exposure to the extracts of DMEM, TiGR4 and all-porous ternary Ti-

xNb-10Zr (x:10 and 20; at.%) alloys for one day, three days and seven days with 10X 

magnification. 
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Live-dead viability extract method: L929 and Saos-2 cells were exposed to the low and highly 

porous Ti-xNb-10Zr ternary alloy extracts for one day, three days and seven days. The 

fluorescent agents were then added to observe the live and dead cells. In addition to the 

calorimetric MTT assay, the cell viability of L929 and Saos-2 were qualitatively observed after 

24 hours of treatment with all-porous ternary Ti-xNb-10Zr alloys and the controls. Green 

fluorescent calcein (ex/em ~495 nm/~515 nm) corresponded to live cells, while red fluorescent 

ethidium homodimer, EthD-1 (ex/em ~495 nm/~635 nm) showed the dead cells (see Fig. 

7.18.). The fluorescence images of the low and highly porous ternary Ti-xNb-10Zr alloys were 

compared to those of the control groups in the wells for one day, three days and seven days. 

The cell viability and proliferation of L929 and Saos-2 after one day and seven days of 

incubation were also qualitatively demonstrated with an intensive green fluorescent 

appearance. Low and highly porous Ti-xNb-10Zr alloys were found to be biocompatible as 

compared to the control, DMEM, and the reference material TiGR4. In conclusion, all 

incubation times showed good L929 and Saos-2 cell viability. 
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Figure 7.18. The images of L929 cells and Saos-2 cells upon exposure to the extracts of 

DMEM, TiGR4 and all-porous ternary Ti-xNb-10Zr (x: 10 and 20; at.%) alloys for one day, 

three days and seven days were taken by fluorescence microscope with 10X magnification. 

Green fluorescent calcein (ex/em ~495 nm/~515 nm) was retained in the live cells and red 

fluorescent Ethidium homodimer, EthD-1 (ex/em ~495 nm/~635 nm) bound to the nucleic 

acids in the membrane-damaged dead cells. 
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Fibronectin adsorption: L929 and Saos-2 cell proliferation, migration and tissue integration on 

all-porous ternary Ti-xNb-10Zr alloys were examined by measuring the adsorption potential of 

fibronectin protein on their surfaces with the ELISA (see Fig. 7.19.). The results showed that 

the addition of a space holder agent and increasing the niobium concentration from 10% to 

20% enhanced the fibronectin adsorption capacity. However, this situation was related to 

higher general porosity of the alloy. Further, highly porous ternary Ti-20Nb-10Zr alloys 

exhibited even better fibronectin absorption than the reference material (p < 0.05). 

 

 

Figure 7.19. Adsorption of fibronectin on TIGRA4 and all-porous ternary Ti-xNb-10Zr (x:10, 

and 20; at.%) alloy disks after two hours of incubation at 37°C in a 5% CO2 atmosphere (data 

represent mean ± SD, n = 3 for p<0.05). 

 

Plasmid-DNA interactions: Pure plasmid DNA was incubated with extracts of negative control, 

TIGRA4 and all-porous ternary Ti-xNb-10Zr alloys in the absence of any external agents, and 

the migration pattern alteration was then detected by agarose gel electrophoresis. Pure 

plasmid DNA is composed of supercoiled (SC) and nicked circular (NC) forms. The results 

revealed that the incubation with the extracts of the examined low and highly porous ternary 

Ti-xNb-10Zr alloys caused no detectable change in the intensity of the SC and NC bands and 

was comparable to those obtained for the TiGR4 reference (see Fig. 7.20.). This behaviour 

confirmed that no induced genotoxic potential was due to the incubation of plasmid DNA in 

the sample extracts. In addition, this response was consistent with that of the negative control 

(ddH2O) and thereby no subsequent DNA smear was detected. 
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Figure 7.20. Plasmid-DNA interaction assay for the negative control, TIGR4, and all-porous 

ternary Ti-xNb-10Zr (x:10, and 20; at.%) alloys (NC: Nicked circular, SC: supercoiled). 

 

Morphology observation of cells: To investigate the cell morphology, L929 and Saos-2 cells 

were seeded on the developed low and highly porous ternary Ti-xNb-10Zr alloy discs and the 

cell images were taken with SEM on Day 1 and Day 7 (see Fig. 7.21.). The low and highly 

porous ternary Ti-xNb-10Zr alloys with an average general porosity of 23% and 53%, 

respectively, promoted adequate sites for biological fixation. Therefore, as seen in Fig. 7.21., 

L929 and Saos-2 cell lines were well spread on all-porous ternary Ti-xNb-10Zr alloys. Cell 

adherence of L929 and Saos-2 cells on the low and highly porous ternary Ti-xNb-10Zr alloys 

were observed as extended cytoplasmic processes (pseudopodia) into the pores. In 

conclusion, multiple colonies of L929 and Saos-2 cell types were found on all-porous ternary 

Ti-xNb-10Zr alloys. 
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Figure 7.21. SEM images of viable L929 and Saos-2 cells on the reference TiGR4 and all-

porous ternary Ti-xNb-10Zr (x: 10 and 20; at.%) alloys for one day and seven days with 2500X 

and 500X magnifications. 
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7.2. Discussion 

In this thesis, the mechanically characterised manufactured Ti-xNb, Ti-20Zr, and Ti-xNb-10Zr 

alloys were also characterised biologically following ISO 10993. The results demonstrated the 

good biocompatibility of tested alloys examining cell viability and proliferation, cell morphology, 

genotoxicity, and cell adherence potentials, which are essential for promoting tissue healing 

and integration. The cell viability of the cell lines used in the experiment increased with 

increasing incubation time. However, noted that the relationship between incubation time and 

cell viability may vary according to the type of cell viability assay utilised. Therefore, we could 

not say that incubation time had a positive effect on the Saos 2 and L929 cell line viabilities.  

The treatment of highly porous Ti-xNb, Ti-20Zr and Ti-xNb-10Zr alloys compared with low 

porous alloys decreased the cell viability of L929 cell line on the 1-day and 3-day but not on 

the 7-day application. This may be due to cells adhering to the rough surface and migrating 

into the porous structure.  

 

Other research stated that cell attachment and spreading on the substrate are good indicators 

showing the level of cytotoxicity and cell viability (Mandal et al., 2019; Han et al., 2020). 

Cellular responses such as migration, proliferation or specific physiological activity to the 

substrate may be varied depending on test conditions and cell type used. In the SEM analysis, 

both cell lines (Saos 2 and L929) moved towards the porous regions and proliferated highly in 

these regions. At this point, it could be said that the effect of general porosity on the SEM 

morphology of Saos 2 and L929 cell lines was generally positive. 

 

Protein adsorption may occur after the implantation of biomaterial within a biological 

environment and is one of the key determinants of the responses of cells to the material 

surface (Barberi et al., 2022). The results showed that adding niobium played a minimal role 

on the fibronectin adsorption of the alloys studied in this thesis, but general porosity of the 

alloys had major effects on the fibronectin adsorption. Especially, for highly porous tested 

alloys, fibronectin adsorption level increased since fibronectin protein absorption was greater 

on rough surfaces. It was concluded that fibronectin adsorption values of the highly porous Ti-

xNb, Ti-20Zr and Ti-xNb-10Zr alloys were better than that of low porous tested alloys. 

 

The increase in niobium concentration resulted in no significant change in L929 cell viability 

among different period of the treatments. The increase in niobium concentration resulted in 

increase in Saos-2 cell viability within the different period of the treatments. It could be 

explained that the Saos-2 cell line might have sensitive metabolic activity to the niobium 

metals, which may induce the cell proliferation. In addition to these, niobium concentration 

might change the surface characteristics of the alloys. Regarding biological characteristics of 
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niobium, it is nontoxic and allergy-free metal, indicting acceptable biocompatibility and 

osteoconductivity. In this study, the increased level of niobium might induce much more 

mitochondrial activity, cell proliferation, fibroblast adsorption potential of biomaterial surfaces. 

In the previous work resulted in similar finding’s that the comparative study on the biological 

performance of niobium, titanium, and stainless steel revealed that there were much more 

mitochondrial activity and cell proliferation on niobium compared to the others.  

 

Some studies on Ti-Nb-Zr alloys stated that biocompatibility of Ti-15Nb and Ti-15Zr using 

Saos-2 and mouse calvaria-derived MC3T3-E1 subclone 14 pre-osteoblast cells confirmed 

our results of cell viability and morphology (Li et al., 2009; Zhang et al., 2020). In another 

study, the investigation of Ti-25Nb and Ti-13Nb-13Zr alloys resulted in good adhesion and 

proliferation in rabbit and human bone-marrow-derived mesenchymal cells (Bigi et al., 2007; 

Xu et al., 2013). In addition to these findings, Falanga et al. reported that cellular proliferation 

and adherence in Ti-Nb samples were induced more than the Ti-40 (grade 2 Titanium alloy) 

(Falanga et al., 2019). In another study, confocal microscope images of Saos-2 cells grown 

on titanium binary alloys revealed that Ti-15Nb and Ti-15Zr induced cell attachment and 

proliferation, which was also observed in our study (Li et al., 2009). Bigi et al. demonstrated 

that MSCs cultured onto hydroxyapatite-coated Ti-6Al-4V and Ti-13Nb-13Zr alloys observed 

mainly elongated fibroblast-like cells and more round osteoblastic cells, respectively (Bigi et 

al., 2007). They reported that Ti-13Nb-13Zr caused no adverse effects, as confirmed in our 

study. Our findings are consistent with the previous findings of such increased fibronectin 

adsorption and cell adhesion and proliferation on Ti-24Nb-4Zr-8Sn compared to Ti-6Al-4V 

alloy (Liu et al., 2018). One mechanism of protein adsorption was the electrostatic interaction 

between proteins and the material surface. Mahundla et al. reported that cell proliferation, 

adhesion and fibronectin adsorption on Ti-34Nb-25Zr alloys were observed less than on Ti-

6Al-4V alloys. This could be due to the high level of Nb and Zr content and the absence of a 

space holder agent, compared to our results (Mahundla et al., 2019). 

 

In this thesis low and highly porous Ti-xNb, Ti-20Zr, and Ti-xNb-10Zr alloys were fabricated 

successfully. Optical images revealed that sintering temperature selected in this study was 

appropriate for generating micro porosity inside the alloys. However, adding space holder 

agent was crucial factor to create macro porosity. Therefore, pore size and distribution of the 

alloys with space holder agent were much greater than that of the alloys without space holder 

agent, which played a significant role on the enhancing cell viability and cell adherence.  

 

EDS results showed that macro porosity made diffusion between particles difficult due to the 

fact that pathways for diffusion increased in the highly porous Ti-xNb, and Ti-xNb-10Zr alloys. 
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Therefore, homogeneity of the low porous Ti-xNb, and Ti-xNb-10Zr alloys was better than that 

of highly porous Ti-xNb, and Ti-xNb-10Zr alloys. Proportion of primary niobium phase 

(undissolved niobium) in highly porous Ti-xNb, and Ti-xNb-10Zr alloys was higher that of low 

porous Ti-xNb, and Ti-xNb-10Zr alloys. However, this was not a crucial factor for in-vitro 

analysis because titanium, niobium and zirconium were biocompatible for human body. 

 

XRD analysis indicated that low and highly porous Ti-xNb, and Ti-xNb-10Zr alloys exhibited 

the α-Ti + β-Ti phases with primary niobium phase, while low and highly porous binary Ti-20Zr 

alloys displayed the hcp α-Ti phase and some distorted hcp αʹ-Ti phase due to zirconium 

dissolved in the titanium matrix. Having different phase constituent of the alloys did not 

affected the cell viability and other cellular activities.  

 

However, having different phase structure is crucial for mechanical test as mechanical 

properties of the α-Ti is different from those of the β-Ti. For instance, β-Ti has more ductility 

than α-Ti. Therefore, the mechanical test of the alloys having similar porosity levels were 

different from each other due to their phase structures. Ultimate compressive strength of the 

low porous binary Ti-10Nb alloy (having 20% porosity) was saved as 1295 MPa, while that of 

the low porous Ti-30Nb (having 23% porosity) was measured as 618 MPa. This finding 

showed that formation of β-Ti on the low and highly porous Ti-xNb and Ti-xNb-10Zr alloys 

played significant role on the reducing mechanical performances of the alloys, which is 

essential for implantology as risk of stress shielding effect reduces. On the other hand, adding 

space holder agent was more effective than phase structure of the alloys achieved in this 

thesis. As mentioned earlier, adding space holder agent created macro porosity inside the 

alloys, which deteriorates the mechanical performances of the alloys. Ultimate compressive 

strength for low porous binary Ti-20Zr alloy was 1376 MPa, while that for highly porous binary 

Ti-20Zr alloys was found as only 356 MPa. This finding supported that compressive strength 

properties of the alloys achieved in this thesis was dramatically affected by porosity level. Also, 

higher porosity level had a positive effect on the cell attachment and protein absorption, which 

was consistent with SEM micrographs showing cell attachment on the surface of the alloys. 

  

Based on literature reports, there is a close relationship between corrosion performances and 

in vitro analysis. In this thesis, corrosion performances of the alloys achieved in this study was 

agreement with in vitro analysis. Low and highly porous Ti-xNb, Ti-20Zr, and Ti-xNb-10Zr 

alloys exhibited good corrosion performances and acceptable biocompatible features. The 

conclusion was that the fabricated alloys might be good candidates as implant materials that 

need to stay in the body for a long time. 
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Chapter 8. Conclusions and Future Work 

8.1. Conclusions 

This thesis aims to overcome the drawbacks of the above-mentioned problems by producing 

Ti-xNb (x: 10, 20, and 30; at.%), Ti-20Zr (at.%), Ti-xNb-10Zr (x: 10, and 20; at.%) alloys with 

different porosities used as orthopaedic biomaterial that can mimic the bone structure. 

Microstructural analysis was performed by using various methods including scanning electron 

microscopy, energy dispersive spectroscopy, electron backscatter diffraction, and x-ray 

diffraction. Corrosion resistance was assessed via electrochemical polarization tests, while 

mechanical behaviour was determined by uniaxial compressive tests. In vitro studies such as 

cell viability and proliferation, adhesion potential, and genotoxicity were examined by 

performing MTT assay, fibronectin adsorption, and plasmid-DNA interaction assay. Based on 

the results obtained, the following facts were determined. 

 

The powder metallurgy method combined with the space holder technique was appropriate to 

produce Ti-xNb, Ti-20Zr and Ti-xNb-10Zr alloys with differing porosities. 

 

 The alloys studied could be divided into low and high porous categories, with porosities 

ranging from 21% to 29% and 43% to 58%, respectively. 

 

The addition of a space holder agent effectively adjusted the porosity characteristics of the 

alloys achieved. 

 

The phase constituent of the all-porous Ti-20Zr alloys was classified as the mixture of the 

predominant hcp α phase and some distorted hcp α phases, whereas that of the all-porous Ti-

xNb and Ti-xNb-10Zr alloys were the bcc β-Ti phases with some hcp α-Ti phases and the 

primary niobium phase. 

 

Adding a space holder did not considerably affect the phase constituents of the alloys 

achieved in this thesis. 

 

EDS peaks for the low and highly porous Ti-xNb, Ti-20Zr, and Ti-xNb-10Zr alloys were 

comprised of Ti-Kβ, Ti-Kα and some Nb-L. No other peak belonging to undesired elements 

was found in the microstructures. 

 

The ultimate compressive strengths of low porous alloys were in a range of 1276 MPa to 1019 

MPa; those of highly porous alloys ranged between 356 MPa and 48 MPa. As foreseen, 

porosities dramatically diminished the mechanical performance of the alloys. 
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Potentiodynamic polarisation revealed that alloys fabricated in this thesis had good corrosion 

behaviours, protecting corrosion attacks in HBSS. 

 

The alloys achieved in this study displayed good biocompatibility (≥70% cell viability) as 

required for the use of orthopaedic biomaterial. 

 

The fibronectin adsorption of the alloys revealed that highly porous alloys and increased 

niobium compositions increased their protein adsorption and consequently induced cell 

adherence and proliferation. 

 

Microscopic examination of L929 and Saos-2 cell lines on highly porous alloys increased cell 

adherence and proliferation at a high density due to migration of the pores when compared to 

the cell’s morphology via SEM analysis on low porous alloys and the reference TiGR4 alloy. 

 

8.2. Suggestions and Future Work 

Based on the results obtained from this thesis, the following topics can be examined in the 

future. 

 

Powder metallurgy combined with the space holder technique used in this work is an efficient 

way to produce the alloys with porosities without changing phase constituents. However, other 

alternative production methods, which reflect better the properties of natural bone, can be 

employed to produce same alloys with porosity. 

 

It can be given a detailed description of how hot isostatic pressing (HIP) or other advanced 

compaction techniques affects the biomechanical properties of porous Ti-xNb, Ti-20Zr, and 

Ti-xNb-10Zr alloys used as implant. 

 

 

The role of how different manufacturing processes or designs affect the biomechanical 

properties of porous Ti-xNb, Ti-20Zr, and Ti-xNb-10Zr alloys used as implant can be studied. 

More appropriate mould design can mimic bone structure (higher porosity inside, lower 

porosity outside). In this way, the interior of the alloys can be obtained with a porosity of 70% 

to 90%, and the outer layer with a porosity of 1% to 30%. 
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Bend strength, tensile strength, torsional testing, fatigue test, hardness test, and wear test can 

be performed on the all-porous alloys obtained in this thesis, which are important indicators 

showing the service life of the alloys when implanted. 

 

Differing thermal treatments can be applied to the all-porous alloys achieved to generate 

different combinations of α-Ti and β-Ti phases. 

 

The shape memory effect for Ti-xNb and Ti-xNb-10Zr alloys can be determined by differential 

scanning calorimetry and thermal gravimetric analysis.  

 

In vivo biocompatibility (animal test) is also recommended to see the response of the all-

porous alloys achieved in this work. It is believed that these tests, which were carried out 

within a multidisciplinary study group, will help to convert the developed porous alloys into a 

product such as knee prostheses, dental implants and hip joints. 

 

 

The all-porous alloys produced in this study can be coated with appropriate chemicals to 

improve their antibacterial properties; thus, such alloys efficiently promote the formation and 

spread of bone cells. 

 

The factors affecting the healing time between implant and new bone formation after surgery 

can be accurately determined by further biological assessments. 

 

More information on the stability of porous Ti-xNb, Ti-20Zr, and Ti-xNb-10Zr alloys used as 

implant can be gathered through long-term clinical tests. 

 

The aesthetic results in different patient groups can be examined. 
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