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Abstract 

Ti-35Nb-5Ta-7Zr titanium alloy is a Beta phase titanium alloy with good mechanical, 

excellent corrosion resistance, and better biocompatible properties. This study is 

focused on introducing porosity in the Ti-35Nb-5Ta-7Zr alloy with the intent to 

produce porous alloy with a suitable combination of low elastic modulus and yield 

strength. Porous Ti-35Nb-5Ta-7Zr alloy was fabricated in argon arc melting and 

yttrium was added in different proportions, followed by a chemical dealloying process. 

The developed porous alloys were thoroughly investigated after synthesis, including 

microstructural, corrosion and mechanical characterization. A microstructure based on 

a matrix mainly composed of BCC beta phase and interdendritic areas consisting of 

yttrium phase was formed by adding yttrium in Ti-35Nb-5Ta-7Zr alloy. With 

increasing amounts of yttrium in Ti-35Nb-5Ta-7Zr alloy, the amount of interdendritic 

regions increased. An X-ray diffractometry (XRD) examination confirmed that yttrium 

was removed through dealloying process. SEM investigation of the generated porous 

alloys revealed the formation of interconnected porosity. The developed porous alloys 

were evaluated through mechanical and corrosion testing. The mechanical evaluation 

of the manufactured alloys exhibited a broad spectrum of mechanical properties. 

Developed porous alloys showed elastic modulus and yield strength in the range 29.5 

Gpa to 13.7 Gpa, and 293.98 MPa to 215.12 MPa, respectively. The mechanical 

properties achieved in this study were in the within acceptable limits of human bone 

and are for biomedical applications. Corrosion resistance of porous alloys showed a 

decreasing trend with an increase in porosity. 
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Chapter:1 

Introduction 

The usage of orthopedic implants becomes necessary when a patient demands them to 

fulfil specific medical needs. Prosthetic implants are becoming more common in 

healing and replacing damaged or impaired tissues. In medicine, orthopedic implants 

are important. An orthopedic implant is an artificially medical device used to stabilize 

a fractured bone part or a damaged joint. Particularly when the human part gets 

fractured, worn out, and find difficulty to perform function on their own, orthopedic 

implants help to alleviate problems, a hip implants is shown Fig.1. For a variety of 

reasons, including bone fractures, osteoarthritis, scoliosis, spinal stenosis, and 

persistent discomfort, they may need to be replaced. For instance, during the self-

healing period, broken bones are stabilized by pins, rods, screws, and plates. [1] 

According to estimates, 90% of people around the world suffer from degenerative 

diseases in the age after 40, which are brought on by either excessive and prolonged 

loading or a lack of normal biological self-healing capacity [2-4]. Problems in 

musculoskeletal like arthritis affected almost (10 M) individuals and cost 5 billion 

dollars in the UK to medical assist patients [5, 6]. Broken bones are another significant 

factor in the need for an artificial implant. The failure of a bone can occurs in a variety 

of ways, including fully, partially, simply, and complexly. Annually reported bone 

fractures in the UK are around 1 million, with road traffic accidents accounting for 

about 21% of those fractures [7]. Any age group can get a bone fracture. Yet, fractures 

seem to occur most frequently in children and the elderly. The most frequent fracture 

in kids is a fractured forearm, and boys get fractures more often than girls do. The most 

prone age group is often that of adolescence, which increases the risk of fracture. 

Moreover, because of the rapid bone growth that occurs during adolescence, teenagers' 

bones are more prone to shattering. Due to osteoporosis the incidence of broken bones 

naturally rises with age [8]. As a result, the restoration time is probably going to get 

longer with age. Synovial joints that include hip, knee, and shoulder, are the most 

prevalent kinds of joints in the human body. Despite their complexity and fragility, 

these joints are quite capable of functioning in stressful situations. Their functionality 
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is due to the presence of synovial fluid in the joint area and the load-bearing connective 

tissue known as articular cartilage [9]. 

 

 

 

 

 

 

 

 

 

 

Figure 1 Hip implant, and (b) terminologies of involved components [2] 

The chronic conditions that may occur in these joints, such as arthritis, osteoarthritis, 

chondromalacia, and natural cartilage aging, can cause discomfort, stiffness, and even 

loss of function. Due to excess or the lack of a self-healing process, degeneration can 

result in a decline in the mechanical characteristics of bones. Surgery, such as 

arthroscopic surgery, is frequently needed to relieve discomfort and improve mobility 

in load-bearing joints that have degenerated. Diseased joints are replaced in this 

procedure with metal or plastic implants that are shaped appropriately [2,9]. 

1.1 Classification of biomaterials: 

Bio medical implants are classified as: 

➢ Polymers 

➢ Ceramics  

➢ Metallic  

1.1.1 Polymers: 

Polymers are the practical materials used in cardiovascular devices to substitute and 

promote the growth of different soft tissues. Many different polymeric materials have 
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been implanted in patients. These biomaterials found in applications, such as tissue 

adhesives, contact lenses, intraocular lenses, fixtures for extracorporeal oxygenators, 

and in dialysis [10]. The characteristics of polymers are determined by the mix, 

organization, and structure of their constituent macromolecules [11]. Additionally, the 

ability to adapt in many applications demands the synthesis of polymers with 

acceptable physicochemical, interfacial, and biomimetic qualities to fulfil specific 

purposes. These polymers must be prepared in various structures and compositions. 

Polymers have the advantages of being process easily with required mechanical 

properties in low cost. Synthetic and natural polymers are of two types that are used in 

field of medical. Few examples of synthetic polymer are acrylics, polyamides, 

polyesters, polyethylene, polysiloxanes, and polyurethanes. Although synthetic 

polymers are easily processed, their main drawback is that they are typically not 

biocompatible, which means that using them is frequently accompanied by 

inflammatory reactions [12].  

1.1.2 Ceramics: 

A different class of materials is being used to design biomaterials: ceramics. The 

driving force for the use of ceramics in implants is due to their inertness, porous 

structure with high wear and compressive properties. Ceramics have been utilized in 

the development of diverse medical devices such as cardiac valves, artificial hip, 

knees, and dental implants, and also in the creation of implants for the middle and 

orbital ear. Ceramics are used to create biomaterials, but they are less frequently used 

than either metals or polymers. Ceramics' brittleness and low tensile strength in certain 

conditions severely limit their applications. However, bio ceramics of phosphates are 

frequently utilized to make perfect biomaterials because they are biocompatible and 

more bioactive [13]. 

 

1.1.3 Metallic implants 

Metallic implants have long been of great importance in the realm of the medical field. 

The utilization of metallic implants is of significant importance in human anatomy. 

Several joint and dental implants are fabricated from metals the examples for such 

implants include artificial dental and hip implants, screws, synthetic pacemakers, and 

orthodontic devices [11]. 
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Engineers have identified metals as a paramount material for fabricating biomaterials, 

despite the existence of several other material options. Metallic-based implant 

materials for biomedical purposes are primarily influenced by their exceptional 

biocompatibility, pragmatic mechanical features, remarkable corrosion resistance, and 

economic viability [14]. 

1.2 Properties of biomaterials: 

The optimal choice of biomaterials for specific biomedical applications relies on 

several key considerations, including surface chemistry and morphology, non-toxicity, 

biodegradability, mechanical properties, and resistance to corrosion or wear [15]. 

1.2.1 Biocompatibility: 

The implant material's surface properties determine biocompatibility. Biomaterials 

should have surface that is free from toxicity and stable for prolonged time without 

generating allergic and inflammatory reactions. The biocompatibility of a substance is 

determined by the extent to which it can survive an acceptable host response in a 

particular circumstance, such as during implant surgery [16]. 

1.2.2 Mechanical properties: 

An implant that is intended to bear loads ought to exhibit distinct and remarkable 

mechanical attributes. The essential characteristics encompassed within this context 

are comprised of physical properties that includes high strength, elongation, low elastic 

modulus, high hardness and fatigue resistance. The implant's longevity is profoundly 

influenced by two key characteristics, namely, elastic modulus and fatigue strength, 

among the others. The advancement in implant materials comprising modulus of 

elasticity within the proximity of bone has earned significant consideration. (10-30 

GPa). Numerous research has shown how a high elastic modulus might lead to an 

implant's limited lifespan. Due to the phenomenon of "Stress Shielding," there arises 

a non-uniform distribution of loads between the implanted structure and the bone. This, 

in turn, poses a challenge when there exists a significant difference of modulus 

between implant and bone. An early failure of implant may occur due to bone 

resorption and loosening of implants. [2,17–19]. Additionally, the material 

recommended in high load-bearing conditions needs to have a very high fatigue 

strength to endure repeated cyclic loading while in service. This may result in a buildup 
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of plastic distortion, which could spark the initiation of fatigue cracks at the implant's 

surface and early failure [20]. To increase the durability and life of the implant and 

preclude any further necessary surgeries, a biomaterial possessing a blend of superior 

mechanical characteristics and a reduced elastic modulus is imperative. Fig. 2 shows 

the wide range of elastic modulus of alloys. 

 

 

Figure 2 Elastic modulus of biomedical implants. [2] 

 

1.2.3 Wear and corrosion properties: 

The implant's material must be corrosion- and wear-resistant; otherwise, ions from the 

implant might leak into human fluids and cause harmful and allergic reactions. The 

implant's resistance to wear and abrasion is used to estimate how long it will last. Poor 

wear resistance properties can lead to implant loosening, severe discomfort, and 

functional loss. If the implant is constantly rubbing against the surrounding bone, 

debris may accumulate when the wear and abrasive characteristics are poor. The debris 

that is subsequently created interacts with bodily tissues in an unfavorable way, 

leading to undesirable tissue reactions and, in some way, causing an implant to become 

loose. Therefore, an implant material should have exceptional wear properties in 

addition to the aforementioned properties [2]. 
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1.2.4 Surface topography: 

To increase surface area and allow for larger-scale contact with cells and tissues, a 

nano-porous architecture with interconnected pores of specified size is required. The 

impact of porosity is beneficial for adhesion of cells, proliferation, and osteogenesis. 

The important factors in the proliferation of new tissue and cells ingrowths around 

implants are roughness and chemistry of implants surface [21]. 

1.3 Issues with implants: 

Implants made of metal have a higher fatigue strength than those made of other 

materials. Because of their high mechanical strength, they are also a suitable and 

desirable material for high loading applications, but metallic implants also have a 

higher modulus than bone. A higher implant modulus prevents the uniform delivery of 

the required stress to the adjacent bone, which weakens newly created bone, causes 

bone resorption, and deteriorate bone cells [22–24]. Stress shielding is a factor that 

contributes to implant loosening. When a bone implant removes common stresses from 

the bone, it might cause osteopenia, which is known as stress shielding; a schematic is 

presented in Fig. 3. The Wolff's law explains that bone in the body will remold itself 

against a response to loads that are applied to it [25]. A bone will therefore become 

less dense and weaker if the strain on it decreases because there will not be any 

stimulation for the ongoing remodeling needed to maintain bone density [26–29]. 

As illustrated in Fig .4, there are numerous causes of orthopedic implant failure. In the 

study by Havelin et al. [16], the failure mode for implants is loosening, which happens 

Figure 3 Schematic of Stress shielding effect [26].  
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when the implant moves or migrates within the bone or cement. Among the revision 

surgeries from 1987 to 1990 in Norway, loosening of implants accounted for 64% in 

1993. Additionally, Malchau et al. [28] discovered that from 1987 to 1990 in Sweden, 

79% of revisions occurred on by implant loosening. Furthermore, an analysis by the 

National joint research in UK in 2016 found that implant loosening accounted for 

32.6% of all failure causes. 

 

Figure 4 Revision procedures i.e., Pain, aseptic loosening, wear, and infection [28]. 

 

1.4 Research Objective: 

The research objective for Ti-35Nb-5Ta-7Zr is formulated as follows: 

• Designing of beta phase Ti-35Nb-5Ta-7Zr alloy using thermos Calc software 

to construct the phase diagram after studying the enthalpy mixing of the 

alloying elements. 

• Development of alloy in arc melting furnace. 

• To better understand the phase composition, and distribution of alloying 

elements in as-castTi-35Nb-5Ta-7Zr alloy, characterize its microstructure 

using SEM and XRD. 



8 
 

• Introduction of porosity in the Ti-35Nb-5Ta-7Zr alloy in different percentages 

through selective phase dissolution to achieve lower elastic modulus and 

characterization of resulted porous alloys through SEM and XRD. 

• Evaluate of porous Ti-35Nb-5Ta-7Zr alloy in terms of mechanical properties, 

that contain hardness, yield strength and elastic modulus to determine its 

suitability for load-bearing applications. 

• To investigate electrochemical properties (corrosion resistance) in order to 

better understand possible uses for it in the field of biomedical engineering. 
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Chapter:2  

Literature Review 

2.1 Conventional Biomedical implants: 

Conventional orthopedic implants play a crucial role in restoring mobility and function 

to patients with orthopedic conditions. These medical devices are used in procedures 

such as joint replacements, fracture fixation, and spinal surgeries. They are designed 

to provide stability, support, and alignment to the musculoskeletal system, helping 

patients regain their quality of life. 

Orthopedic implants have undergone significant advancements over the years, with 

improvements in design, materials, and surgical techniques. Orthopedic implants, such 

as permanent prosthetic devices and temporary fixation tools, often utilize metallic 

materials due to their essential properties. Biocompatibility, Strength, ductility, 

fracture toughness, hardness, corrosion resistance, are among the fundamental 

requirement in load-bearing applications. This is especially important for total joint 

prosthesis and fracture fixation systems. 

2.1.1 Stainless Steel: 

A broad term Stainless steel is used for many types of ferrous alloys with a high 

chromium content (11-30 wt%) and different concentrations of nickel and further 

classified into two categories on the basis of chemical composition: chromium and 

chromium-nickel types. On the basis of their specific microstructure, they are further 

divided into four categories: an austenitic, martensitic, ferritic, and duplex (a 

combination of austenitic and ferritic) [31]. Widely utilized types of stainless stee as 

implants are 316L SS and 316L VM alloys in biomedical applications. These metal 

combinations contain ions of iron, chromium, nickel, and molybdenum. The addition 

of chromium to these alloys provides the implants with protection against corrosion 

and causes passivation, which creates a protective oxide layer. The presence of low 

carbon in 316L prevents corrosion within the body fluids [6].  Austenitic stainless 

alloys persist in their extensive usage for implantation purposes, owing to their 

abundant accessibility, economically feasible nature, outstanding manufacturability, 

well-established biocompatibility, and remarkable durability. These steels offer the 

advantage of versatile mechanical property control, allowing for the optimization of 
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strength and ductility across a broad spectrum. However, stainless steel implants can 

corrode in the environment that contains chlorine ions. Roughly 90% of 316L stainless 

steel implant experience pitting corrosion, necessitating the application of ceramic 

coatings to inhibit corrosion. A different variety of stainless steel known as 316L VM 

has corrosion-inhibiting properties that make it particularly useful in the biomedical 

field. A study conducted Okazaki et al. on the usage of 20 metallic 316L SS implants 

as replacements for hip arthroplasty. After 13 years since the implants were placed, 

there was an escalated discharge of metallic ions in the bodily fluid, ultimately 

resulting in regional inflammation and ultimate detachment of the artificial joint 

implant. Stainless-steel implant failures have been documented, along with problems 

like surface cracking, crevice corrosion, pitting, crack initiation, and intergranular 

corrosion seen in thighs of patients. Crevice corrosion is also a significant factor in 

implant failure. A higher Young's modulus (200 Gpa) of Stainless steel than the bone, 

may lead in detachment eventually due to mismatch of elastic modulus. Austenitic 

stainless steel specifically 316L offer wear resistance that is comparatively low, and 

cause generation of wear debris that can trigger allergic reactions in the surrounding 

tissue. This is another factor limiting its use in permanent implants. Therefore, 

stainless steel is not suitable for long-term applications, particularly for permanent 

fracture fixation devices, but can be used temporary due to its advantages of being 

cost-effective, easily manufacturable, and applicable [32]. 

2.1.1.1Biocompatibility stainless steel: 

Iron serves as the main matrix element in the alloy known as 316L stainless steel, as 

standardized by ASTM F138. It is also possible to modify this alloy in a number of 

ways. The primary alloying elements present in 316L are nickel, Chromium 

molybdenum, and manganese. The concept of bioactivity in this context pertains to the 

release of these elements in the form of soluble ions or insoluble particles [33]. 

2.1.2 Cobalt base alloys: 

Haynes introduced the development of the cobalt-molybdenum superalloy, which was 

named Stellite and primarily intended for aircraft engine applications [34,35, 36]. This 

alloy demonstrated superior strength at elevated temperatures and offered improved 

resistance against corrosion in comparison to alternative superalloys [37]. In the 1930s, 

medical implants began utilizing cobalt-based alloys for the first time [38]. The dental 
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alloy vitallium, a CoCrMo alloy, was initially employed in cast dental applications and 

later modified for orthopedic purposes during the 1940s. CoCr alloys exhibit corrosion 

resistance that surpasses stainless steels by a significant factor and boast exceptional 

mechanical properties [31]. Cobalt-chromium based alloys in terms of corrosion 

resistance surpass stainless steels, particularly in chloride rich environments.  

Chemical composition of these alloys makes them superior regarding corrosion 

resistance. The presence of a high chromium concentration in the alloy help in the 

development of a naturally protective oxide coating (Cr2O3). [39, 40, 41, 42, 43]. 

Comparing cobalt alloys to cortical bone (20–30 GPa), the Young's modulus is very 

high (220–230 GPa). Over time, stress shielding occurs that weakens bone, 

deteriorates it, potentially leading to loosening, fracture and implant failure. The 

unwanted stress shielding, and abrasion particles due to mobilization may accelerate 

prosthesis failure. Nickel, chromium, and cobalt are among the hazardous components 

generated from cobalt-based alloys that are causing problems. These substances may 

increase inflammation and trigger allergic reactions in the body. [43]. 

2.2 Ti alloy: 

Titanium has a low density, about 60% that of iron and about 50% that of cobalt. By 

using alloying and deformation techniques, this extraordinary metal can be 

significantly strengthened. At about 885 °C, titanium goes through an allotropic 

transformation that causes it to change its phase from alpha to a BCC beta phase. On 

the basis of microstructure titanium alloys are characterized as: alpha alloys, near-

alpha phase, alpha+beta phase, and beta alloys. These alloys of titanium have 50% 

lower elastic modulus around than stainless steels and cobalt based alloys. Ti exhibits 

remarkable specific strength and is low weight as compared to stainless steels and 

cobalt-chromium alloys and are being used as biomaterials owing to their moderate 

low modulus, excellent biocompatibility, and higher corrosion resistance. Its 

tribological characteristics, however, are rather inadequate. The appealing properties 

of (CP-Ti) and α + β Ti-6Al-4V alloys, as well as the introduction of metastable beta 

alloys, have aided in their rapid incorporation in medical industry [31]. 

2.2.1 Alloy design 

 In contrast to stainless steels and cobalt-based alloys, where alloying is primarily 

focused on improving corrosion resistance, the primary objective in designing titanium 
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alloys is to enhance their mechanical properties. This is because titanium, as the base 

element, already possesses excellent inherent corrosion resistance. The alloying 

elements have significant effects on transformation temperature in titanium between 

(HCP) and (BCC) phases. Due to their role in transformation temperature from alpha 

phase-to-beta phase, whether it is an increase or decrease, these components are 

categorized as stabilizing additives for either the alpha or beta phase. The 

transformation temperature rises as their amount in the alloy increases because of 

interstitial elements (C, O2 and N), they act as stabilizers for the alpha phase.  

Hydrogen functions as strong beta stabilizer, causing a decrease in the transformation 

temperature as its solute content increases. Due to its high affinity towards oxygen and 

nitrogen, titanium offers difficulties that are unusual for other metals. In addition to 

oxidation, subjecting titanium to high temperatures in the presence of air causes 

surface hardening through solid solution because of the internal diffusion of oxygen 

and nitrogen. The fatigue resistance and malleability of titanium alloys are adversely 

affected by the presence of an exteriorly hardened region described as the alpha case. 

Therefore, it necessitates the removal of this layer by means of mechanical machining, 

and milling, prior to utilizing the alloy for implantation purposes [31]. 

The modification of titanium alloys' microstructure and characteristics depends 

substantially on incorporation of substitutional alloying components. Moreover, 

additional components (B, Ga, Ge, and the rare earth elements), also took part in the 

process of alpha stabilization. Aluminum serves as a powerful alpha stabilizer. It is 

important to note that they are much less soluble in solids than oxygen or aluminum. 

These elements aren't typically used as alloying components today [44]. 

The beta phase of titanium exhibits higher solubility for various elements compared to 

the alpha phase. Since beta stabilizers elements don't combine with titanium to 

generate intermetallic compounds, they are favored as alloying elements. These 

elements are frequently combined with one or more isomorphous beta elements in 

alloys, which is a common practice, providing beta phase stabilization and preventing 

or minimizing the development of intermetallic compounds. Such compounds may 

form during thermomechanical processing and heat treatment processes at elevated 

temperatures. [31]. The commonly utilized elements for stabilizing the beta phase 

include (V, Mo, Nb, Cr, Fe, and Si). These elements act as strong stabilizers for the 

beta phase and improve hardenability. Furthermore, nickel, molybdenum, palladium, 
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and ruthenium help to enhance the resistance to corrosion of unalloyed titanium in 

certain environmental circumstances [31, 45]. However, elements like Zr, Hf, and Sn 

act as neutral elements. These elements are highly soluble in alpha and beta phases, 

resulting in a minor decrease in transformation temperature for alpha to beta 

accompanied by an increase in concentrations. [44]. To create balance between the 

alpha and beta phases, alumina, tin, and zirconium are frequently mixed. These three 

elements are commonly incorporated into almost all commercial titanium alloys due 

to their higher solubility in the alpha and beta phases. Moreover, these elements 

significantly enhance the creep resistance of the alpha alloys [31]. 

2.3 Classification and grading of titanium and its alloys: 

Ti is categorized primarily on the basis of oxygen and iron concentration.  Pure 

Titanium has less strength, hardness, and transformation temperature but generally has 

better formability due to lower interstitial content. The four distinct classifications of 

titanium alloys include alpha, near alpha, alpha+beta, and beta alloys. The alpha-beta 

alloy Ti-6Al-4V, which accounts for roughly 45% of all titanium production, is the 

most popular of them. About 30% of the manufacturing is made up of grades of pure 

titanium, while the remaining 25% is made up of different alloy types. The most used 

titanium alloys are Ti-6Al-4V and its Extra-Low Interstitial (ELI) variant (Ti-6Al-4V 

ELI) and (CP-Ti) grade. However, utilization of beta type alloys in implant 

applications has become more popular over the past ten years. Table 1 provides the 

relevant ASTM standards for the alloys of titanium employed in medical applications 

[44]. 
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Table 1. In medical implants, mostly used titanium and titanium alloys according to 

ASTM standards. 

Microstructure ASTM standard Alloys  

(α) F67 Cp-Ti grade 1 

  Cp-Ti grade 2 

  Cp-Ti grade 3 

  Cp-Ti grade 4 

(α+ β) F136 Ti–6Al–4V ELI 

 F1472 Ti–6Al–4V 

 F1295 Ti–6Al–7Nb 

 F2146 Ti–3Al–2.5V  

(β) F1713 Ti–13Nb–13Zr 

 F1813 
Ti–12Mo–6Zr–

2Fe 

 F2066 Ti–15Mo 

 

2.3.1 Biocompatibility of alloying elements: 

 A number of Alloying elements are used in fabrication of titanium alloys. Notably, 

Table 1 shows that the alloying elements V, Al, Nb, Zr, Mo, Fe, and Ta are crucial in 

implant applications. In the subsequent section, a brief summary of the toxicity 

concerns linked to Ti, V, and Al is presented. 

2.3.1.1 Titanium. 

Titanium, despite its absence ia summary and lack of any known biological function 

[45], is considered non-toxic, even in significant quantities. Studies have shown that 

when humans were exposed to daily doses of up to 0.8 mg of titanium, the majority of 

it was excreted without digestion or absorption [46]. Titanium implants generally 

exhibit good compatibility with the host bone, without being rejected by the body [47, 

48]. Moreover, it has been observed that titanium particles exhibit size-dependent 

physiological impacts on leukocytes in vivo. [49, 50]. 
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2.3.1.2 Vanadium: 

Vanadium's specific biological role in the human body is still not well understood [51, 

52]. It has also been demonstrated to trigger both positive and negative cellular 

responses. [50]. Compounds of Vanadium oxides primarily cause toxicity [53]. 

Vanadium and its byproducts can cause carcinogenicity and a number of harmful 

consequences on the liver, nervous system, and other organs when either orally or 

inhaled, according to animal studies. [54,55]. Comprehensive research on the toxic 

nature of vanadium and observed a link between vanadium release and failure of 

implants [56]. 

2.3.1.3 Aluminum: 

The precise role of aluminum in the human body remains largely unclear despite of 

being natural occurrence. Aluminum is toxic in large quantities, with acute toxicity 

occurring at high levels. The possible consequences of chronic aluminum toxicity and 

its probable connections to neurological issues, however, have given rise to an increase 

in public concerns. [57]. 

Aluminum has been linked to a number of disorders and health problems. Elevated 

consumption of dietary aluminum may potentially hinder skeletal mineralization, 

leading to reduced bone density in infants due to its competition with calcium 

absorption. It has also been linked to blood-brain barrier issues and neurotoxic effects 

on the brain. Individuals with kidney disease are particularly vulnerable to aluminum 

toxicity, similar to other metals. Symptoms of aluminum intolerance can include 

contact dermatitis and digestive disorders. Furthermore, in vitro studies reveal that 

aluminum has the ability to adhere to estrogen receptors, resulting in higher expression 

of genes in human breast cancer cells. 

2.5 Biocompatibility of titanium alloys: 

Titanium alloys have been shown to have a greater level of biocompatibility due to 

their remarkable corrosion resistance. [58,59]. In vitro studies indicate the usage of 

titanium alloys is not harmful for both human and animal subjects in terms of 

mutagenicity investigations. [59]. Ti-6Al-4V (Ti64), a first-generation titanium alloy, 

has been mentioned as having the potential of toxicity and promotes allergic reactions 

in the body [60]. Second-generation titanium alloys have drawn considerable attention, 
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with a special emphasis on beta-titanium alloys. These alloys contain beta stabilizing 

elements Mo, Ta, and Zr, which are reasonably safe when compared to vanadium and 

aluminum, as alloying elements. [61].  

2.6 α titanium alloys 

The yield strength and tensile strength of alpha Ti alloys, are significantly influenced 

by the precise alloy compositions while young modulus remains unaffected, as shown 

in Table 2. By adding interstitial elements in the different concentrations, in 

commercially pure (CP) Ti (99.6%), composed of α-titanium phase yield strength and 

tensile strength can vary between 240 and 550 MPa and 170 to 480 MPa, respectively. 

Grades of CP-Ti contain oxygen and iron, and as their content increases, the strength 

of the alloy also increases. Moreover, higher levels of oxygen in the alloy contribute 

to increased fatigue strengths. With the inclusion of beta stabilizers in low 

concentration, super-alpha or near-alpha alloys are categorized as alpha-alloys. 

Despite the presence of beta phases, they are more likely CP-Ti (commercially pure 

titanium) alloys. However, by having comparatively lower strength these alloys are 

significantly used as implants in comparison to α-beta or β alloys. But few grades of 

CP-Ti are favorable in low loading applications that require relatively high corrosion 

resistance. 

2.7 α–β titanium alloys: 

Strength in Alpha+beta alloys can be tailored by using a combined approach that 

combines solution treatment and ageing operations when compared to Cp-Ti. The final 

microstructure of these alloys is primarily influenced by factors such as alloy 

composition, solution treatment temperature and solidification rate. Additionally, the 

modifications in the microstructure can be done through subsequent aging treatments 

typically conducted at 480 to 650 °C temperatures ranges. As a result of ageing, the 

alpha phase precipitates and a delicate mixture of alpha and beta microstructures is 

formed [62]. Solution and aging treatments significantly increase 30-50%, strength of 

alpha-beta alloys with little impact on their Young's moduli (as indicated in Table 2). 

Moreover, solution treatment and aging boost the fatigue strengths of these alloys 

greater than that of alpha alloys. The application of solution-treated and precipitation-

hardened titanium alloys in production is still limited, despite extensive study on 

alpha-beta alloys precipitation hardening. Table 1 showed a list of four alpha-beta 
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alloys that are standardized by ASTM and used in medical equipment. Widely adopted 

standardized titanium alloys are Ti-6Al-4V and Ti-6Al-4V. Moreover, Ti-6Al-7Nb 

and Ti-5Al-2.5Fe have the same metallurgical properties as Ti-6Al-4V but they are 

free of vanadium. It is worth noting that toxic properties of vanadium can lead to 

adverse effects on tissues has been reported [31]. 

Table 2 The important mechanical properties of Ti alloys based on microstructure 

[31]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Materials 

&microstructure 

Total 

Elongation 

(%) 

Elastic 

modulus 

(GPa) 

Ultimate 

tensile 

strength 

(MPa) 

Yield 

strength 

(MPa) 

α phase     

(ASTM grade1 ) 24 115 240 170 

(ASTM grade 2) 20 115 340 280 

(ASTM grade 3) 18 115 450 380 

(ASTM grade 4) 15 115 550 480 

α+β phase     

(Ti-6Al-4V) 10-15 110 390 860 

(Ti-6Al-7Nb) 10 105 860 795 

(Ti-5Al-2.5Fe) 6 110 900 820 

(Ti-3Al-2.5V) 15 100 690 585 

β phase     

(Ti-13Nb-13Zr 10-16 79-84 970-

1040 

840-910 

(Ti-12Mo-6Zr-

2Fe) 

18-22 74-85 1060-

1100 

1000-1060 

(Ti-15Mo) 22 78 800 655 

(Ti-15Mo-5Zr-

3Al) 

17-20 75-88 880-980 870-970 

(Ti-15Mo-

2.8Nb-0.2Si-

0.26O) 

 83  950-990 

(Ti-16Nb-10Hf)  81  730-740 

(Ti-(10-80) Nb)  65-93  760-930 

(Ti-35.5Nb-

7.3Nb-5.7Zr) 

 55-66  800 

(Ti-(70-80) Ta)  80-100  350-600 

(Ti-Ta-

Nb/Nb/Sn) 

 40-100  400-900 

(Ti-Zr-Nb-Ta)  46-58   

Stainless steel 

and Cobalt 

alloy 

    

(316L)  200  200-700 

(Co-alloy)  240  500-1500 
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2.8 β titanium alloys: 
Beta phase BCC titanium alloys are commonly known as "second generation titanium 

biomaterials". The innovation in beta alloys were motivated by a variety of issues, with 

one of the main objectives was to solve the problem of stress shielding induced by the 

higher Young's moduli of implants. Titanium alloys exhibit moduli that are generally 

more comparable to bone (as indicated in Table 2) [60, 61, 63-65]. 

By employing solution treatment followed by fast cooling rates, transition of beta (β) 

phase to alpha phase can be prevented in beta alloys. After solution-treatment these 

alloys demonstrate high hardenability, remarkable forgeability combined with cold 

formability. Aging in temperatures ranges from 450 to 650 °C, alpha (α) phase 

precipitates out and disperses within the beta matrix, resulting in an optimal 

microstructure for precipitation strengthening [62]. 

Beta alloys also possess notable characteristics of being low modulus and excellent 

corrosion resistive materials [65], [66]. Widely employed materials in the medical field 

are commercially pure titanium (cpTi), as well as earlier variations of (Ti-6Al-4V) 

alloy. But having the potential of allergic reactions due to vanadium ions released in 

body [67, 68] and neurological issues linked to aluminum [70] led to the manufacturing 

of alternative alloys. The emergence of Ti-Nb-Ta-Zr based, Ti-Zr-based, and Ti-Sn-

based alloys, aimed at addressing these concerns and ensuring biocompatibility [26, 

69, 71] 

In recent times, a novel group of β-type biocompatible alloys have been formulated 

and represented in Table 3: 
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Table 3 Various Beta titanium systems 

Binary system Ternary system Quaternary systems 

(Ti-Nb ) [72],  

(Ti-Mo) [73],[74],  

(Ti-Ta ) [75],  

(Ti-Zr ) [76],  

(Ti-Mn ) [77],  

(Ti–Cr) [78], [79]; 

(Ti-Nb-Mo ) [80], 

(Ti-Nb-Pd ) [81], 

(Ti-Nb-Zr ) [82]-[83], 

(Ti-Nb-Sn ) [84], 

(Ti-Nb-Ta ) [85], [86], 

(Ti-Nb-Fe) [87], 

(Ti-Mo-Zr) [88], 

(Ti-Mo-Nb) [89], 

(Ti-Cr-Al) [90], [91], 

(Ti–Cr–Nb) [92], 

(Ti-Cr-Sn) [93], 

(Ti–Mn–Al) [94], 

(Ti-Ta-Nb system) [95], 

(Ti-Ta-Sn system) 

(Ti-Ta-Zr system) [96], 

(Ti–Mn–Fe) [97], 

(Ti–Sn–Cr) [58]; 

(Ti-Ta-Sn-Zr) [98],  

(Ti-Nb-Zr-Sn) [99], [100],  

(Ti-Nb-Zr-Fe) [101],  

(Ti-Nb-Ta-Zr) [102]-

[103-105],  

(Ti-Mo-Zr-Fe) [106], (Ti-

Fe-Ta-Zr) [107],  

(Ti-Cr-Mn-Sn) [108], 

 

2.9 Research gap: 

A valuable physical characteristic of implant materials is their elastic modulus, 

especially in loading conditions. It plays a significant role in preventing the "stress 

shielding effect,". It is required to minimize the mismatch of elastic modulus between 

implant material and the surrounding bone to ensure proper integration and long-term 

stability [60, 61]. 

In general, metallic implants have a higher elastic modulus than bones, and they also 

have stress-strain characteristics that do not resemble the plateau-shaped behavior that 

is typical for bones. The Young's modulus should closely resemble those of bones 

when considering the choice of materials to replace bones that have been worn down 

or damaged. Binding forces and crystal structure are the factors that affect the young 

modulus of the materials. Consequently, there has been a concerted effort in recent 
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years to conduct extensive research and make significant advancements to improve 

this property of Ti alloys, in achieving lower values of (E) elastic modulus [63, 64, 

65]. 

2.9.1 Efforts to reduce elastic modulus: 

Different approaches have been employed in literature to control the elastic modulus 

and lower its value to meet the bone requirements. 

2.9.1.1 Alloying. 

A favorable choice in orthopedic applications over other implant materials is Ti alloys 

due to several advantages they offer. These include their comparatively lower stiffness, 

excellent cytocompatibility, high resistance to corrosion, and favorable strength-to-

modulus ratio. The variety and composition of alloying materials as well as the 

particular processing techniques used are among the factors that can change the 

microstructural features that have an impact on the elastic modulus of Ti alloys.  Beta 

phase exhibits elastic modulus lower when it is compared to the hexagonal phase. As 

a result, researchers have developed and continue to develop several β-type titanium 

alloys that primarily consist of elements known for their low toxicity and lack of 

allergenic properties, particularly the elements mentioned earlier. These alloys are 

specifically designed to have lower Young's moduli and are suitable for biomedical 

field given in Table 4 [130]. 
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Table 4.  Elastic modulus of various Beta type alloys 

Alloy  Elastic modulus (Gpa) 

(Ti7.5Mo3Fe) 85 

(Ti15Mo2.8Nb3Al)  82 

(Ti15Mo)  78 

(Ti13Nb13Zr)  77 

(Ti12Mo6Zr2Fe)  74-85 

(Ti29Nb13Ta6Sn)  74 

(Ti29Nb13Ta4Mo)  74 

(Ti12Mo5Ta) 74 

(TLM Alloy) 67 

(Ti35Nb5Ta7Zr0.40)  66 

(Ti29Nb13Ta4.6Sn)  66 

(Ti25Nb2Mo4Sn) 65 

(Ti29Nb13Ta4.5Zr)  65 

(Ti-12Mo5Zr)  64 

(Ti29Nb13Ta2Sn)   62 

(Ti29Nb11Ta5Zr) 60 

(Ti28Nb13Zr0.5Fe)   58 

(Ti35Nb5.7Ta7.2Zr)  57 

(Ti35Nb7Zr5Ta ) 55 

 

2.9.1.2 Heat treatment and thermo mechanical processing: 

Thermo-mechanical processing (TMP) plays a vital role in reduction of stiffness in β 

phase alloys. According to Bertrand et al. [109], they successfully lower elastic 

modulus to 55 Gpa of a Ti-25Ta-25Nb alloy. The significant reduction was attained 

through a specific TMP technique that involved cold rolling with an 80% reduction, 

followed water quenching after solution treatment for half hour at 850Co. This 
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treatment restored a fully recrystallized microstructure in the β phase, resulting in a 

reduced grain size and ultimately lowering the elastic modulus. 

Heat treatment is a commonly employed process to effectively control young’s 

modulus of titanium alloys. In some cases, solution treatment can result in a favorable 

matching of elastic moduli due to the formation of specific phases, as explained by 

Changli Zhaoa et al. [110], they investigated a Ti-12Mo-5Zr alloy that exhibited a 

structure consisting of acicular martensitic phases along with the beta phase. After 

undergoing solution treatment, the alloy showed elastic modulus 64 Gpa, which 

contributed to improved mechanical biocompatibility. 

2.9.1.3 Introduction of porosity: 

In an effort to address the issue of stress shielding in implants associated with bulk 

materials, porous structures have been introduced. Modifying the elastic modulus of 

bulk materials is a difficult task, as it is an inherent property. However, by utilizing 

porous materials, the available material for a given cross section is reduced, thereby 

leading to a reduction in elastic modulus. Considerable research efforts have been 

made to comprehend the essential features and properties for the effective utilization 

of porous materials. Mechanical properties porous Ti-based alloys are directly related 

to various factors, level of porosity, morphology of pore, size distribution of pores, 

and microstructure. Porosity evaluates the macroscopic mechanical properties of 

materials. Deformation behavior of pores in compression is different for alloys which 

have higher plasticity than the brittle ones. The pore size and amount of porosity also 

beneficial to promote the growth of tissues [111-114]. 

In a study, 78% of porous titanium foams fabricated by Wen et al. [115] exhibited a 

compression strength and modulus of elasticity i.e., 35 MPa and 5.3 Gpa respectively. 

In a different study [116] for Ti-Zr alloy foams with 70% porosity, compressive 

plateau strength of 78.4 MPa, and elastic modulus of 15.3 Gpa was found. In a study 

conducted by Wang et al. [117] created a Ti-10Nb-10Zr porous alloy containing 69% 

porosity level, the foam had a elastic modulus of 3.9 Gpa and a 67 MPa compressive 

plateau. 

The fabrication of porous metallic structures can be produced using several techniques, 

including as space holders, gas injection, blowing agents, dynamic freeze casting, and 

additive manufacturing [119-125]. The gas injection technique involves injecting 
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pressurized gas into the liquid material, which forms tiny bubbles that, as the substance 

cools, solidify into a porous structure. Controlling the viscosity, which can be done by 

adding ingredients like Al2O3, SiC, and MgO, is essential for this process. This 

method, however, is not appropriate for substances that are readily oxidized. Adding 

a blowing agent to the melt causes it to release gases when heated, which is how the 

blowing agent technique works. If the blowing agent gets stuck in the material, the 

challenge in this process is getting it out [122]. Porous structures can also be created 

using deep freezing techniques, although because of the high oxygen content, the 

resulting structures may be weak [125]. Porosity can be precisely controlled by 

additive manufacturing, which includes powder bed fusion and direct energy 

deposition methods [119, 125], however it can be expensive. Control over porosity 

and pore size is quite good with the space holder method. Metallic powders are mixed 

with substances that help hold space, such as ammonium carbonate, carbamide, 

dolomite, and titanium hydride. A porous construction is left behind after heating to 

the point where the space-holding material melts. It can be difficult to choose a holding 

substance that is appropriate for the space and to make sure it is completely removed. 

Furthermore, all combining components must be in powder form when using the space 

holder approach. 

2.10 Our chosen alloy: 

The quest for an alloy that possesses desirable features while absence of dangerous 

elements is of enormous significance. The problem of toxic elements has been a matter 

of great significance. 

Previous research has indicated that alloys comprising (Nb), (Ta), and (Zr) elements 

have better biocompatibility because they are toxic free elements [126]. In comparison 

to the metal and alloy implants now in use, the alloy Ti-35Nb-7Zr-5Ta exhibits a lower 

Young's modulus of 55 Gpa, which is relatively low towards the modulus bone [5]. In 

titanium alloys Zr behaves as neutral element and form solid solution in Beta and alpha 

phases. When added in low amounts, the malleable and ductile metal niobium (Nb) 

considerably improves the alloy's mechanical properties. Additionally, Nb stabilizes 

the Beta phase and can lower the elasticity modulus [127]. A titanium alloy containing 

Nb is a good option for implant applications because of these properties. Tantalum 

(Ta) addition in the alloys helps in reducing the elastic modulus, when alloyed with 
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commercially pure titanium, bringing it closer to the elastic modulus of bone [119, 

128]. 
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Chapter:3  

Experimental Techniques 

This chapter includes detailed descriptions of the experimental and characterization 

methods utilized for the sample production and analysis. Thermocalc software and the 

Tchea database were used for developing multiple alloys, and their corresponding 

alloy buttons were made in a vacuum arc melting furnace using argon as the 

environment. The following steps are involved in the design and development 

of   alloys and their corresponding foams: 

3.1 Alloy preparation: 

To develop alloy buttons, arc melting of a pure mixture of Ti (99.95%), Nb (99.95%), 

Ta (99.95%), Zr (99.95%), and Y (99.95%) was done in an environment of titanium 

getttered argon. A copper hearth that is water cooled and has five crucibles is inside 

the furnace chamber. At 10-5 torr, the vacuum inside the chamber is maintained. 

Figure (5) depicts the schematic for the vacuum arc melting furnace in use. 

 

The titanium getter placed in the hearth crucible is heated to melt, removing the 

oxygen from the chamber before melting the raw components. When a significant 

Figure 5 Vacuum arc melting furnace. 
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value of current flows through a tungsten electrode, an arc is produced that causes 

melting to occur. The alloy melt was turned upside down and melted again after the 

initial cycle. Five rounds of this melting process are required to ensure the 

homogenization of the alloying element. The metallic alloy buttons, as depicted in Fig. 

6, are then taken out of the furnace and sliced into samples with the required 

dimensions using EDM wire cutting. 

 

Figure 6. Solidified alloy button 

3.2 Grinding and polishing: 

In order to prepare samples for electrochemical tests, microstructure characterization, 

crystal structure and phase identification, alloy buttons are wire-cut using EDM. After 

this, samples are mounted in bakelite powder using a hot mounting press at 180°C for 

microstructural analysis (fig.7). 

 

 

 

 

 

 

 

Figure 7 Mounting Machine and mount. 
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The next step is the following grinding and polishing the mounted samples. Silicon 

carbide emery papers with grit sizes ranging from P600 to P2000 are used for grinding. 

In order to achieve a scratch-free surface, the mounted samples were polished using 

alumina slurry of 1 and 0.5. Fig. 6 depicts a grinding and polishing machine used to 

prepare samples. After grinding and polishing, samples were sonicated for five 

minutes each in ethanol and deionized water to remove alumina particles from the 

surface. Microstructural characterization and electrochemical tests are then performed 

on the prepared samples. 

 

Figure 8. Polishing Machine. 

 

3.3 Dealloying: 

Dealloying is the process of retaining the more stable phases and components of the 

alloy while removing the less stable ones. The goal of the current work was to remove 

the filler metal from the interdendritic region, creating a foam-like structure with 

interconnected 3D porosity. The samples' weights were calibrated before dealloying. 

For around 24 hours, samples were individually dipped in a solution of HNO3+HF in 

deionized water. The samples were then carefully cleaned for five minutes each with 

ethanol and deionized water. After sonication, they are heated to 130°C and dried on 

a hot plate for 15 minutes. After drying, the samples are weighed once more to 

determine the % weight reduction. To compare the microstructural and phase changes 

before and after dealloying, de-alloyed samples were then characterized using SEM 

and XRD. 
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3.4 Characterization of samples: 

3.4.1 SEM: 

To analyze the microstructure of Ti-35Nb-5Ta-7Zr, SEM analysis of the as cast sand 

de-alloyed samples was conducted. SEM is a powerful imaging method used to obtain 

high-resolution, three-dimensional images of samples at the micro- and nanoscale. 

SEM works by interacting electrons with the sample surface. Here's how the SEM 

works: 

i. SEM uses an electron source, often a heated filament or a field emission source, 

to generate a beam of high-energy electrons. To accelerate a high voltage is 

applied. 

ii. The accelerated electron beam passes through a number of electromagnetic 

lenses, which concentrate and shape the beam into a small, tightly focused 

point. 

iii. The sample for SEM analysis must be properly prepared. To increase image 

quality and reduce charging effects, it is often coated with conductive material, 

i.e., gold or carbon. 

iv. The concentrated electron beam is then raster-scanned across the sample's 

surface. Various processes occur when electrons from the beam contact the 

sample, including Secondary Electron. High-energy electrons from the primary 

beam are capable of knocking secondary electrons off the sample's surface. 

Secondary electrons contain information about the surface topography, 

composition, and material contrast of the sample. Because of interactions with 

atomic nuclei, some primary electrons are scattered back from the sample 

surface. Backscattered electrons reveal information about the sample's atomic 

number and composition. When high-energy electrons encounter the atoms in 

the sample, they can emit distinctive X-rays and determine chemical 

composition. 

v. Secondary electrons, backscattered electrons, and X-rays are collected by 

detectors located above or below the material. These signals are amplified and 

processed after having been converted to electrical signals. 
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vi. A detailed image is created by raster scanning the electron beam across the 

sample surface and measuring the emitted signals. To visualize the topography, 

composition, and other features of the sample, the intensity of the signals is 

transformed into grayscale or color representations. 

 

 

 

 

 

 

 

 

 

 

Fig. 9 depicts the SEM's mechanism. Scanning electron microscope (JEOL-

JSM6490LA) with an EDX detector, NUST as shown in Fig. 10, was used to determine 

the chemical composition and morphology of as-cast and de-alloyed samples. 

 

Figure 10. Scanning electron microscope setup. 

Figure 9. Working principle of SEM. 
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3.4.2 X-ray diffraction (XRD): 

A non-destructive method for examining the crystal structure and identifying material 

phases is X-ray diffraction. The cathode ray tube's filament is heated that produce 

electrons and they get accelerated in the direction of the specimen by providing 

voltage, according to the x-ray diffraction's working principle, which involves the 

constructive interference between incident rays and satisfies Bragg's Law, which is 

given as: 

                                                                   n = 2d sin 

These electrons strike the specimen surface with enough energy to knock off the inner 

shell electrons, which causes the emission of distinctive x-rays. When Bragg's Law is 

met by the incident rays, constructive interferences take place. It ends up in the 

emergence of an intensity peak. Schematic of x-ray diffraction is shown in Fig. 9. 

 

 

Figure 11. XRD working principle. 

For the XRD analysis, 1mm thick EDM wire cutting samples were used. The samples 

were thoroughly sonicated in ethanol and then in deionized water before being put 

through to additional grinding to level the specimen surface. 
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Figure 12. XRD equipment at SCME NUST. 

 

3.5 Mechanical testing: 

3.5.1 Compression: 

To determine the material's response to compressive loadings, the specimens were 

undergoing compression testing. We can assess several mechanical properties with the 

aid of compression tests, including yield strength, young modulus, elastic limit, and 

compressive strength, which are crucial to determining whether the systems we create 

have the desired features for the applications we want them for, or if new systems need 

to be developed for those applications. Because the ingot we produced in the furnace 

is too small to prepare a sample for a tensile test, we do compression testing. In order 

to cut the button-shaped alloy created from the arc suction melting furnace, we used 

EDM wire that was cut into the required geometry in accordance with ASTM standard 

E9. Fig. 13 displays the sample under compression testing.  

 

 

 

 

 

 

 
Figure 13. Alloy sample During 

compression testing 
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The universal testing machine (UTM) SHIMADZU used to conduct compression 

testing shown in Fig. The strain rate on the UTM was set at 1 x 10-4 seconds, as 

documented in the literature. However, the biggest issue that arises during 

compression testing of such thin specimens is referred to as buckling effect, which is 

defined as "unstable lateral deformation of test specimen" and occurs when the 

specimen's mating surfaces are not exactly flat. To ensure that the sample's surfaces 

are completely flat, we prepare it by grinding to provide an even distribution of force 

along the cross-section surfaces. 

The elastic modulus and yield stress values were determined by taking an average 

of the findings from three samples of each composition that were manufactured and 

tested.  

 

Figure 14. Universal testing machine at SCME NUST 

3.5.2 Microhardness: 

To assess the hardness or resistance to penetration of small or thin materials, micro 

hardness tests were performed. Hardness testing was done on polished mounted 

samples and after that measured the hardness of materials using a pyramid-shaped 

diamond indenter, and it caters to both micro and macro scales. When a load of up to 

1000g is applied to the indenter the surface of the material is deformed plastically. The 

indenter's shape determines the indentation's shape. Vickers tests require precise 

measurement of the indent on the material's surface. The hardness of materials is then 

determined using these values by using formula. Ti-35Nb-5Ta-7Zr foams used in the 
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study had their microhardness evaluated by applying a 100gf load while the dwell time 

for indentation was 15sec. Cell wall indentations were made to determine the 

microhardness of foams. Each sample had a minimum of 12 indents created in order 

to calculate the average. Vickers’ hardness of porous samples was measured using 

identical parameters for comparison. 

 

Figure 15. Micro Vickers hardness testing machine 

 

3.6 Wetting angle testing: 

The contact angle measurement is essential to implant design as it provides insightful 

information about samples' hydrophobic or hydrophilic nature. A more hydrophilic 

implant material is ideal because it promotes bone ingrowth and blood flow through 

the porous structure, lowering the risk of aseptic loosening or implant failure. A drop 

shape analyzer (DSA 25, KRUSS) measured the contact angle by dropping a drop of 

water on the surface of samples. Based on this investigation, the contact angle was 

measured, and the wettability was determined. 

3.7 Electrochemical testing: 

The produced foams were subjected to electrochemical characterization, and the 

results were evaluated. On the Gamry workstation in SCME, NUST, corrosion 
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experiments were conducted. Corrosion experiments were conducted using a three-

electrode arrangement shown in fig 16. Working electrode is a test specimen with a 

0.56 cm2 exposed surface area. The counter electrode was platinum wire, while the 

reference electrode is Ag/AgCl.  

 

Corrosion experiments were conducted in hank's solution 370°C with an electrolyte 

having a pH of 7.4. OCP measurements were made for 3600 seconds. Between 

100000Hz and 0.01Hz, electrochemical impedance spectroscopy test was carried out. 

The equivalent circuit was created using Gamry software and developed in accordance 

with the system. Impedance data was then examined after being fitted with the created 

equivalent circuit. Additionally, samples were polarized in the anodic direction at a 

scan rate of 2mV/s from -1500mVocp to 3000mVocp. 

3.7.1 OCP: 

The difference in potential between two electrodes in an electrochemical cell or system 

when no current flowing is referred to as the open circuit potential (OCP). It is the 

voltage that forms between the two electrodes when they are linked to one another, but 

the cell is not connected to a load or external circuit to it. 

 The open circuit potential, a fundamental characteristic of an electrochemical system, 

is influenced by the chemistry of the electrolyte and the thermodynamic characteristics 

of the electrode materials. With a high-impedance voltmeter or potentiostat, the 

voltage can be measured without any current flowing, which allows the estimation of 

the OCP. The open circuit potential can reveal essential information about a system's 

Figure 16. Gamry workstation for electrochemical testing. 
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electrochemical behavior, including the value and direction of the electrochemical 

potential forces that drive the reactions at the electrodes, the kinetics of those reactions, 

and the stability of the working electrode in the electrolyte. 

3.7. 2 EIS: 

EIS is an electrochemical experimental technique for examining the electrochemical 

characteristics of materials and systems. In EIS, AC voltage is applied, and response 

of current is measured at various frequencies. The impedance, an intricate number that 

contains both magnitude and phase information, is the system's frequency-dependent 

response. Numerous electrochemical parameters, including resistance, capacitance, 

and reaction kinetics, can be identified by examining the impedance spectra generated 

from EIS experiments. In many disciplines, including electrochemistry, corrosion 

science, and materials science, EIS is extensively used. It is a non-destructive 

technology that can reveal details on the interactions and behavior of electrodes in 

electrolyte. In addition to studying the characteristics of coatings and thin films on 

metals, EIS can be used to characterize the efficiency of batteries, fuel cells, and other 

power conversion technologies. EIS is a useful tool for understanding the 

electrochemical behavior of materials and systems and for enhancing their 

performance in a variety of applications. 
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Chapter:4 

Results and discussion: 

The objective of this research work was to create porous structure in Ti-35Nb-5Ta-7Zr 

alloy, addressing the issue of the stress shielding effect by achieving a low elastic 

modulus. Characterization techniques, (XRD), (SEM), and energy-dispersive X-ray 

spectroscopy (EDS) were done to analyze development of porous structure. 

Compression testing was done and the mechanical behavior of developed porous 

alloys were evaluated, specifically elastic modulus. 

The corrosion of the implants in body fluids was another significant issue that needed 

to be addressed in this investigation. Corrosion testing was done to determine the 

corrosion behavior of developed porous structures. 

4.1 Development of Ti-35Nb-5Ta-7Zr porous alloy: 

Alloying elements Ti, Nb, Ta, and Zr were selected for alloy preparation. These 

elements were prioritized because of better biocompatibility, good mechanical 

properties, and excellent corrosion resistance.  

Proposed strategy was to Introduce porosity in the bulk alloy is the proposed strategy 

to present a solution regarding the issue of stress shielding in implant applications. The 

strategy was to add a filler element in the alloy which on solidification segregate on 

the interdendritic areas and the removal of filler element in the later stage selectively. 

For the filler element to segregate at the interdendritic areas in the solidification 

process it should be insoluble in the matrix. For a difference in the enthalpy of mixing 

of yttrium is greater with all elements involved in the Ti-35Nb-5Ta-7Zr system 

enabling it insoluble in the matrix. This is the reason yttrium was chosen as the filler 

element. Enthalpy of mixing of selected elements is provided in the Table 5. 

Table 5. Enthalpy of mixing of elements selected for the system. 

 Ti Nb Ta Zr Y 

Ti 0 2 1 0 15 

Nb - 0 0 4 30 

Ta - - 0 3 27 

Zr - - - 0 9 

Y - - - - 0 
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Yttrium possesses the most positive enthalpy of mixing as shown in the table, so it can 

be inferred that upon solidification it will segregate in the interdendritic areas. The 

phase diagram of Ti-35Nb-5Ta-7Zr with Yttrium calculated through Thermocalc 

software also supports this hypothesis. Selected composition for this study is 

represented by the dotted line the Fig. 17. 

 

Figure 17. Pseudo binary phase diagram between Ti-35Nb-5Ta-7Zr and Yttrium 

4.2 Phase analysis: 

X-ray diffraction was conducted to analyze Phase composition of the alloys under 

study. Ti-35Nb-5Ta-7Zr is an extensively investigated system characterized by a 

single beta body-centered cubic (BCC) phase composition. [129]. Inclusion of yttrium 

in the base alloy revealed the presence of new phase in as cast C1 to C4 alloys. 

Analysis of graphs showed that the newly emerged phase corresponds to Hcp phase of 

yttrium. From the XRD graphs it was obvious that with addition of yttrium the 

intensity of peaks relevant to Hcp was increased. As-cast samples were de-alloyed in 
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solution (HNO3+HF and DI water) to generate porosity in the bulk structure. XRD 

patterns of de-alloyed samples confirmed the absence of Hcp peaks from the structure. 

The XRD graphs of FC1 to FC4 show that only BCC phase is present after de-alloying. 

Fig. 18 illustrates the XRD graphs of as cast samples and their respective de-alloyed 

samples. 

 4.3 Scanning electron microscopy: 

As cast and de-alloyed microstructure of the samples was investigated through 

scanning electron microscopy to understand the composition and analyze the effects 

of incorporating yttrium into the Ti-35Nb-5Ta-7Zr. Ti-35Nb-5Ta-7Zr alloy is a well 

explored system that is composed of single-phase BCC [129]. It was assumed that 

because of higher difference between enthalpy of mixing of yttrium it will segregate 

on interdendritic areas. Addition of yttrium in the bulk Ti-35Nb-5Ta-7Zr resulted in 

the segregation of yttrium in the interdendritic regions. The presence of yttrium as a 

filler element had also a certain impact on the size interdendritic regions. Increasing 

amount of yttrium, suppressed the grins size, resulting in more homogeneous and finer 

(a) 

(c) (d) 

(b) 

Figure 18. XRD pattern of (a) as-cast FC1 and de-alloyed FC1 (b) as-cast C2 and de-

alloyed FC2 (c) as-cast C3 and de-alloyed FC34 (d) as-cast C4 and de-alloyed FC4 



39 
 

structure. This observation is clear from Fig. 19 (a, c, e, g). B. Poorganji et al. stated 

in a study that the by adding yttrium in titanium beta alloys resulted in a refined 

microstructure, and even a small amount of yttrium 0.05% in the β alloy successfully 

inhibited grain growth. The transformation from single phase to dual phase with 

increasing amount of yttrium is evident by the XRD analysis of as-cast samples. Light 

grey regions in the microstructure represents matrix which is mainly comprises of 

Titanium, niobium, tantalum, and Zirconium where dark grey region are interdendritic 

areas where yttrium has segregated during solidification. Titanium, niobium, and 

tantalum are homogeneously distributed in the matrix, zirconium is mostly distributed 

in matrix but also along the grain boundaries with yttrium. Interdendritic regions are 

mainly enriched with yttrium along with a small amount of yttrium is present in the 

matrix. The elemental mapping shown in Fig. 20 determines the distribution of 

elements in C2 as cast sample.  As interdendritic areas are highly prone to solution and 

have a higher affinity to react with solution than the matrix. Yttrium was selectively 

removed from the systems by de-alloying process. Fig. 19 (b, d, f, h) shows that after 

de-alloying, yttrium was selectively removed from the interdendritic regions and 

matrix remained unaffected. XRD analysis in Fig. 18 of the de-alloyed samples 

verified the presence of only one phase BCC, however the absence of HCP peaks in 

the graphs ascertains that yttrium has been removed from the interdendritic areas.  
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Figure 19. As cast SEM images of (a) C1, (c)C2, (e)C3, (g) C4,) and dealloyed (b)FC1 

(d) FC2 (f) FC3 (h) FC4 

 

 

 

 

 

(e) 

10 µm 

(f) 

10 µm 

(g) 

10 µm 

(h) 

10 µm 

(b) 

(c) 

(a) 

10 µm 

10 µm 

10 µm 

(d) 

10 µm 



41 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.4 Weight loss method: 

An additional methodology based on percentage weight loss measurement was used 

to validate the removal of yttrium from the matrix. Weight of all samples were 

measured prior to chemical dealloying process to determine % weight loss. Loss was 

then compared to the amount of yttrium added to the composition in alloy making, to 

ensure that the removal was successful. In order to prepare the samples for testing, 

they underwent a 24-hour soaking process in a solution of HNO3, HF and DI water. 

The weight loss observed during the dealloying process revealed that the filler element, 

yttrium, had been efficiently removed from the interdendritic regions. The percentage 

weight loss measurement technique provides a reliable means of confirming the 

removal of yttrium and the successful transformation of the alloy into a foam structure. 

Fig. 21 shows the percentage weight loss of all developed samples. 

The finding obtained from the characterization techniques SEM, XRD and weight loss 

method supports the formation of porosity in alloys. 

Ti 

Y 

Nb Ta 

Zr 

Figure 20 EDX mapping of as cast C2. 



42 
 

 

Figure 21 Weight loss data of dealloyed samples. 

 

4.5 Mechanical properties: 

As cast Ti-35Nb-5Ta-7Zr alloy showed an elastic modulus of 55 Gpa, according to 

information mentioned in the literature. This alloy presents the lowest elastic modulus 

in Beta phase alloys with excellent biocompatibility and corrosion resistance 

properties [130]. But it is still higher in comparison to the bone (30 Gpa). In an effort 

to lower the elastic modulus close to the natural bone, different levels of porosity were 

induced in the Ti-35Nb-5Ta-7Zr alloy. The effect of induced porosity on the 

mechanical properties was evaluated by compression testing. The objective was to 

understand how the elastic modulus of material behaves in the presence of porosity 

under compression state. Stress strain curves for porous alloys are presented in Fig. 

22. A decreasing trend in elastic modulus with an increase in porosity was observed. 

FC1 exhibits the elastic modulus of 29Gpa with almost 1.6 % porosity while FC4 

presents the lowest elastic modulus of 13.7Gpa with porosity level of 7.34%. Findings 

of the results revealed that yield strength of the developed porous alloys decreased 

with the increasing level of porosity. The yield strength of FC1, FC2, FC3, and FC4 
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was found to be 293.98, 273.18, 258.60 and 215.12 MPa respectively. This decrease 

in mechanical properties is due to the reason that incorporation of porosity adds 

discontinuities in the microstructure cause a reduction in mechanical properties yield 

strength and elastic modulus.  

 

Figure 22 Compressive stress strain graphs of Dealloyed samples FC1 to FC4 

 

Developed porous samples showed modulus of elasticity that fall in the range of 

cortical bone. The modulus of elasticity of developed porous alloys as result of 

porosity is compared with the natural bone. Modulus of elasticity of FC1, FC2, FC3 

and FC4 observed to be in the range of cortical bone (10 to 30 Gpa) Fig. 23. The 

findings show that these created foams have the potential to replace the cortical bone. 

Similar trend was observed in yield strength of the foams and compared with the 

natural bone. The yield strength of the foam dropped from FC1 to FC4, yet it remained 

higher than that of bone. This suggests that the foam can endure higher levels of stress 

than bone under different loading conditions. In other words, despite a small drop in 

yield strength among the different foam samples, the foams have greater load-bearing 

capabilities when compared with cortical bone. 
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(b) 

(a) 

Figure 23 Comparison of Elastic modulus of bone with 

(a)elastic modulus (b) Yield stress 
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Figure 24 Hardness pf developed porous samples. 

A similar trend in the hardness values was observed in the developed where an increase 

in porosity level decreases the hardness. The Micro-Vickers hardness of the FC1 was 

176 whereas FC4 showed hardness of 118 HV. The hardness of the developed foams 

of Ti-35Nb-5Ta-7Zr are presented in Fig. 24. Foam fabricated in this work exhibited 

a higher level of hardness than the bone, indicating better resistance to indentation and 

deformation as the hardness of the natural bone is 47.3 HV. 
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Figure 25. Comparison Yield strength and Elastic modulus of Developed porous 

alloys with literature. 

Fig. 25 illustrates an Ashby-type diagram mapping elastic modulus versus yield 

strength of biomaterials, effectively demonstrating the unique properties of the 

produced Ti-35Nb-5Ta-7Zr foams. The results of this research show that there is a 

substantial amount of vacant space in the diagram, especially at higher values of yield 

strength combined with lower elastic modulus. This shows that the developed Ti-

35Nb-5Ta-7Zr foams have characteristics not previously observed in non-porous and 

porous metallic implants. The high yield strength combined with low elastic modulus 

indicates that these materials have the potential for better mechanical performance 

while opening opportunities for biomedical applications. The mechanical properties of 

the developed foams were compared with those of previously mentioned biomedical 

implants materials, i.e., 316L stainless steel [39], CoCrMo [40], CP-Ti [41], Ti-6Al-4 

V [42], Ti-13Nb13Zr [43], and various other -type titanium alloys [10,44-49]. The 

balance of a low modulus, high yield strength with appropriate ductility is essential for 

the fabrication of an ideal metallic biomaterial. In comparison to other biomedical 

alloys that have been examined, the porous alloys fabricated in this study showed an 

excellent pair of high yield strength and a notably lower value of elastic modulus, 

which provides long-term functionality in addition to near-net shape processing 

abilities. 
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4.6 Wetting angle: 

Wetting qualities are the characteristics of a surface that determine how a substance 

interacts with liquids, particularly how the liquid spreads or beads up on the surface. 

The wetting characteristics of biomaterials or implants have an impact on the growth 

of hard tissues like bone or dental tissues. Contact angle and porosity have an inverse 

relationship. There is a noticeable tendency noticed as porosity increases in which 

liquid penetration gets deeper and the measured contact angle lowers [21,22]. High 

contact angle was observed for FS2 as it has the less porosity, FS5 showed the least 

contact angle among all the samples as it contains higher porosity. The contact angle 

results are consistently less than 90 degrees across all samples. Even though the 

materials under evaluation have polished surfaces, this shows that all the samples have 

a relatively hydrophilic nature. Contact angles of developed porous samples are shown 

in Fig. 26 and Fig. 27. 

 

Figure 26 Contact angle of developed porous alloys. 
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4.7 Corrosion Results: 

The physiological environment within the human body differs significantly from the 

surroundings in terms of both physical and chemical aspects. As a result, a metal that 

performs well under normal environments, such as being inert or passive, may suffer 

significant corrosion when exposed to the inside environment of the body. When used 

in biomedical applications, a particular combination of biological fluids, pH levels, 

electrolyte presence, and other variables within the body can cause accelerated 

corrosion of metals, which can have negative impacts on the material's integrity and 

performance. To ensure long-term effectiveness and safety, compatibility and 

corrosion resistance must be considered during materials designing for their use within 

the human body for. To analyze the chemical stability of the porous alloys using a 

solution having an ionic concentration like human blood plasma electrochemical 

testing was carried out. The studies were conducted under specific environments, 

including a 37°C temperature, a pH of 7.4, and a three-electrode setup.  

The purpose of these testing was to acquire a better understanding of how porosity 

influences the electrochemical characteristics and corrosion resistance of foams. 

(a) 

(d) (c) 

(b) 

Figure 27 Contact angle Developed porous alloys (a)FC1 (b) FC2 (c) FC3 (d) FC4 
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4.7.1 Open Circuit Potential: 

Open Circuit Potential (OCP)  of porous samples was determined for a duration of 

3600 seconds in shown Fig. 28. During the exposure period, a consistent shift in the 

Open Circuit Potential (OCP) towards greater negative values was noticed. This 

negative shift was always accompanied by a corresponding increase in total current. 

For FC1 foam open circuit potential reached a value of (-0.136V) after immersion in 

solution and remained stable for 3600 s. A negative shift in OCP was obsere observed 

for FC2 to FC4, which is mainly due to an increase in porosity results in a increased 

surface area which in turn increase the oxide reactions on surface. Researchers Li et 

al. ,Blackwood et al. [121], and Xie et al. [118] have previously documented this type 

behaviour. Their research has shown that significant shift in potential is associated 

with increasing porosity. 

 

Figure 28. Open circuit potential vs time of developed porous alloys in hank’s 

solution. 

4.7.2 Potentiodynamic polarization: 

Porous  samples were polarized and their behaviour was recorded under applied 

voltage. A significant increase in current density and a negative shift in corrosion 

potential was observed in all foams from FC1 to FC4. Passivation phenomena 

appeared in all of the foams investigated. This indicates that on the surface, a protective 
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oxide layer started to develop, contributing to their corrosion resistance. Despite being 

exposed to corrosive environments, the current density, which is related with the 

corrosion rate, remain almost stable. This shows that the protective oxide layer 

successfully slow down the progression of the corrosion processes. Passivation is the 

characteristic of titanium alloys which readily form titanium oxide layer  on the surface 

when they exposed to body fluids[105]. In addition, no pitting features were found in 

curves for any of the foam samples. Pitting type of localised corrosion that is identified 

by the occurrence of small pits or holes on the material's surface. The lack of pitting 

behaviour  in the foams suggests that they are resistant to this type of corrosion, which 

is often more damaging and can result in localized damage and material failure. 

Corrosion properties  were measured by tafel plots on anodic and cathodic branches. 

FC1 show high resistance to corrosion in solution compared to other developed foams 

in this study. High corrosion resistance of FC1 among other foams is because it 

contains low porosity compared to others. FC4 showed high corrosion rate of  due to 

higher amount of porosity resulting in enhanced  surface area  exposed in solutoin and  

availble for oxidation higher the number of electrons generated, resluting in high 

current density. Fig. 29 shows the polarization curves of samples with porosity range 

1.6 % to 7.36%. Varition in the corrosion paramaters that is icorrr, Ecorr and corrosion 

rate  is due to increased surface area exposed to solution. Icorr, Ecorr and corrosion 

rates are presented in the Table 6. below. 
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Figure 29. Electrochemical results of Developed foams being exposed to Hank’s 

solution. 

 

Table 6 Corrosion parameters calculated from polarization curves and EIS. 

 
icorr 

(µA) 

Ecorr 

(mV) 

Corrosion 

rate 

(mpy) 

OCP (mV) Rp (Kohm) 

FC1 3.120  -277.0 1.929 -136.1 42.51  

FC2 5.210  -417.2 3.342 -372.7 11.03  

FC3 14.90  -526 9.083 -383.6 8.693  

FC4 18.70  -660 12.65 -461.1 2.691  
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4.7.3 Electrochemical impedance spectroscopy (EIS): 

Nyquist’s plot of the porous alloys tested in Hank’s solution are shown in the Fig. 30. 

Impedance was decreased for all samples. In Nyquist plot diameter of semi-circle 

represents the magnitude of impedance, FC1 exhibited the maximum impedance while 

FC4 showed less impedance. The polarization and corrosion resistance results are in 

agreement with the impedance measurements for all samples. FC1 showed higher 

corrosion resistance than the other samples, and also in Nyquist plots FC1 showed 

maximum resistance. The order of corrosion resistance calculated in polarization 

curves, was FC1>FC2>FC3>FC4, the same order of corrosion resistance was observed 

in Nyquist plots. Here, in Nyquist plots, diameter of semicircle decreased from FC1 to 

FC4 showing a decrease in corrosion resistance with increase in percentage porosity 

shown in Fig (30). Rp represents the value of resistance at electrode and electrolyte 

interface. A high Rp value means less current leakage at the interface, which indicates 

improved corrosion resistance. The high Rp value of FC1 indicates a low current flow 

at the interface of FC1 and solution, indicating higher resistance to corrosion in hanks 

solution. FC2, FC3, and FC4 showed lower corrosion resistance than that of FC1, 

which is due to their low Rp values, indicates greater current flow at the interface. 
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The Ashby chart in Fig. 31 typically illustrates several materials or samples as scatter 

plots between Ecorr and Icorr. The corrosion rate is shown by the Icorr readings, with 

values that are lower indicating less corrosion rates and better corrosion resistance. 

The Ecorr values show the corrosion potential, with greater positive values indicating 

material's tendency to resist corrosion. 

Developed porous samples indicated better corrosion resistance compared to other 

conventional and non-conventional porous materials. FC1 shows minimum icorr value 

among all materials presented in the chart, showing better resistance against corrosion. 

Figure 30 Nyquist plot from Electrochemical Impedance of Porous Ti-35Nb-5Ta-

7Zr alloys 
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Figure 31 Comparison of Ecorr and Icorr value of porous alloys in this study with 

literature. 

 

This comparison allows us to select materials based on better resistance. The Icorr and 

Ecorr values of FC1 on the top left suggest that it’s better corrosion resistant material 

than the stainless steel 316L Bulk, 316L porous, Cr-Co-Mo, Ti-6Al-V, Ti-6Al-7Nb, 

Ti-9Nb with 38.9% porosity and Ti-49Nb with 60.2% porosity. FC2, FC3 and FC4 

with 4,6 and 8 % porosities have lower icorr values than the stainless steel 316 Bulk 

and Porous and Ti-6Al-4V-0Mg with 22 and 28% porous materials. This analysis 

suggests that the foams developed in this study have better corrosion resistance in 

corrosion environment and have the potential to replace conventional implants. 
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Conclusion 

Foams were successfully manufactured through the addition of yttrium into a Ti-35Nb-

5Ta-7Zr matrix via vacuum arc melting and subsequent chemical dealloying. The 

following are the investigation's principal findings: 

• The inclusion of yttrium resulted in the production of interdendritic structures, 

which aided in the formation of interconnected 3D porosity during the 

chemical dealloying process. 

• Mechanical testing was used to achieve and assess various levels of porosity. 

• Under compression loadings Ti-35Nb-5Ta-7Zr foams had exceptional 

mechanical characteristics. The mechanical properties of the foams FC1, FC2, 

FC3 and FC4 showed elastic modulus was particularly in the elastic modulus 

range of bone along with high yield strength which is preferentially the 

requirement for implants. 

• Mechanical and corrosion properties were evaluated which highlights the 

potential of developed porous alloys in orthopedic implants applications. 
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