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Abstract 

This investigation was mainly aimed to systematic investigate the 

microstructure, electrochemical properties, and tribological properties of 

the second-generation β-titanium alloys. Three different second–

generation titanium– based alloys Ti–15 Mo, Ti–13Zr–13Nb and Ti–

8Mo–4Nb–2Zr were used in this investigation. In addition, traditionally 

used Cp-Ti with α – microstructure and the first generation Ti–6Al-4V 

with α+β microstructure were used for comparison.  

The surface morphology, structure and mechanical behavior of the 

titanium alloy used in this investigation were characterized using X- ray 

Diffraction (XRD), Optical Microscopy (OM),Field Emission Scanning 

Electron Microscopy (FESEM), micro-hardness measurements and 

elastic modulus measurements. XRD, OM, and FESEM analysis 

showed that the Ti-15Mo consisted of two phases α +β known as 

metastable β phase, Ti-13Zr-13Nb consisted predominantly of β – phase 

and α – phase in some regions known as β-rich, and Ti-8Mo-4Nb-2Zr 

consisted of single-phase β – phase. Cp- Ti consisted of single phase α–

phase and Ti-6Al-4V consisted of two phases α + β as expected. In term 

of mechanical properties Ti-8Mo-4Nb-2Zr alloy had the lowest elastic 

modulus of 102 GPa, and average Vickers micro–hardness higher than 

others did.  

Also in term of corrosion resistance Ti-8Mo-4Nb-2Zr alloy exhibited 

lowest corrosion rate than others alloys.  

The tribological behavior was investigated at normal loads of 10 and 

20N. Generally, the total removed wear volume and coefficient of 

friction increased with increase the load from 10 to 20N in this 

investigation. However, the rate of depassivation/repassivation 

influenced the tribological behavior of titanium alloys. Thus, the Ti-
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8Mo-4Nb-2Zr alloy exhibited decrease in total removed wear volume 

with increase the loads. The first generation Ti-6Al-4V alloy showed 

lower total removed wear volume and lower coefficient of friction 

during the wear test as compared to others. The tribological mechanism 

is a predominantly abrasive wear mechanism. However, considering the 

biomedical applications, the second- generation β-microstructure Ti-

8Mo-4Nb-2Zr could be a good candidate with relatively good corrosion 

resistance, low elastic modulus, comparable wear behavior and non-

toxic elements. 
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1.1. General Introduction and Motivation: 

     Titanium and Ti-alloys have been intensively investigated in the last few 

decades because of their distinctive properties, such as high 

biocompatibility, low density, high specific strength, excellent corrosion 

resistance and low Young’s modulus [1-3]. Titanium alloys are commonly 

used as replacements in artificial bones in the human body, dental implants 

and joints [3].  

         Commercial pure titanium Cp-Ti, with α-phase type structure, was 

primarily used in some orthopedic and dental applications without 

producing toxicity during service in the human body [1, 4-6]. However, the 

mechanical properties of commercial pure titanium Cp-Ti are unsuitable for 

some applications that need wear resistance and high strength [7, 8]. 

Hence, to tackle this problem, Ti-alloys have been developed to increase 

their strength [9]. To meet the requirements of biomaterial for biomedical 

applications, commercial pure titanium Cp-Ti was replaced by the first 

generation titanium alloys Ti-6Al-4V with β+α phases [10]. Nevertheless, 

it was reported that the release of vanadium and aluminum ions from Ti-

6Al-4V alloy throughout a long time use, might causes long-term health 

problems. For examples osteomalacia, Alzheimer’s diseases, neurological 

disorders, peripheral neuropath. In addition, these alloying elements can 

retard osseointegration after the transplant process, meaning that there is a 

delay in the integration of the bones [7, 9, 11, 12]. 

While numerous investigates focused on some of the favorite 

properties of commercially pure Cp-Ti and first generation titanium alloys 

Ti-6Al-4V alloy, but there are some problems that are need to be 

overcome. The modern studies show that the Cp-Ti (α-phase) and Ti-6Al-

4V (α+β phase) alloys have an elastic modulus of above 100 GPa which is 

higher than the modulus of elasticity of the bone of 20 GPa, that leads to a 
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stress shielding effect. This stress leads to bone and implant loss [1, 13-16]. 

Tribological properties are poor with different loads and different friction 

conditions [17]. Moreover, Ti- alloys with single phase have less corrosion 

rate than Ti- alloys with more than one phases [18].  

To tackle these issues, many studies focused on the developed 

different Ti-based alloys with low Yonge modulus, non-allergic and non-

toxic elements, and with single phase [19,20]. Therefore, the second-

generation titanium biomaterials β- titanium alloys with low elastic 

modulus and nontoxic elements including, Mo, Zr, Nb, and Ta have been 

extensively investigated for biomedical applications [19,21-23]. It was 

reported that the second-generation titanium alloys β or near β can offer 

significant advantages for biomedical applications [24]. However, there are 

different β titanium alloys compositions, with wide ranging microstructures 

β, β+α, β+αʹ, β+αʺ, and β+ω [25]. It is far from clear what microstructure is 

optimum. Is the β phase or β phase and a second phase (β+α, β+αʹ, β+αʺ, 

and β+ω) is preferable. Is a metastable β phase or rich β phase alloys better 

or worse than a single stable β phase alloys. Small changes in the alloy 

composition or the process conditions can give major changes in the 

microstructure. These changes will have a major effect on all properties, 

including elastic modulus, electrochemical resistance, and tribological 

resistance. However, there has been no systematic investigation that 

correlates microstructure with these properties.  

Based on these unknowns, this investigation aims to understand a 

wide range of second-generation titanium alloys with systematic difference 

in microstructure and with difference in composition to understand the 

influence of these key variables on the mechanical, electrochemical, and 

tribological behavior, in comparison to Cp-Ti and the first generation 

titanium alloys Ti-6Al-4V.  
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1.2.Biomedical materials: 

According to the European Conference on Biomaterials, a biomedical 

material, or biomaterial is: a material intended to interface with biological 

systems to evaluate, treat, augment or replace any tissue, organ or function 

of the body.[26] 

Some metals are used as passive substitutes for hard tissue replacement 

such as total hip and knee joints, for fracture healing aids as bone plates 

and screws, spinal fixation devices, and dental implants because of their 

excellent mechanical properties and corrosion resistance. Some metallic 

alloys are used for more active roles in devices such as vascular stents, 

catheter guide wires, orthodontic archwires, and cochlea implants.[27] 

Traditionally the study of biomaterials focuses on issues such as 

biocompatibility, host-tissue reaction to implants, cytotoxicity, and basic 

structure-property relationships [ 1-81. These issues are important. They 

provide a strong scientific basis for a clear understanding of many 

successful medical devices such as the mechanical heart valve. However in 

biomaterials engineering, the manufacturing and processing aspects emerge 

as a primary concern. [28] 

Although each biomedical application possesses its own specific set of 

requirements, there is one requirement which all biomedical materials must 

fulfil, namely, biocompatibility.  Biocompatibility implies that there is 

either no adverse reaction or else an appropriate interaction. It is required to 

ensure that the potential for rejection or other hostile interaction between 

the implant and the host is limited. In many cases, it is relatively easy to 

find materials that possess the physical properties required for a specific 

application, such as strength, elasticity, or optical transparency. The 

difficulty, however, is in selecting materials that react appropriately, or not 

at all, with the host environment while maintaining these.[26] 
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1.2.1. Orthopedic  Biomaterials : 

Orthopaedic injuries and pathologies are among the most common 

medical conditions. While fractures are no longer an anticipated part of a 

child’s medical history, over 6.2 million fractures occur each year in the 

U.S. population. Osteoarthritis affects one in five individuals over the age 

of 70. These and other conditions—including rheumatoid arthritis, 

osteosarcoma, and ligament tears—often require an intervention that 

includes the replacement of some portion of tissue. For most of these 

applications, autografts and allografts have proven problematic based 

primarily on material availability. Artificial materials have shown 

tremendous success in a number of applications, particularly total-joint 

replacement, but are not without their downsides, including long-term 

biocompatibility and survivability issues. As is the case in many areas of 

tissue and organ replacement, the future of tissue engineering holds great 

promise. If orthopaedic surgeons are able to replace diseased or damaged 

tissue with a material that will immediately take over the original structural 

and mechanical function, while it becomes completely integrated with the 

natural tissue with time, the current gap between natural and engine.[29] 

Titanium is generally considered a metallic material with the best 

biocompatibility properties and, as a consequence, it finds more and more 

application as a biomaterial. However, pure titanium is characterized by 

relatively low mechanical properties, so in many applications it is replaced. 

by titanium alloys, which are more expensive, less biocompatible, but with 

better mechanical properties.[30] 

Titanium and titanium alloys have very good resistance to crevice 

corrosion; however, they are extremely sensitive to fretting corrosion. This 

type of corrosion may occur only when a metallic surface is in contact with 

another surface (metallic or not), in the presence of a compression stress 
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and slight reciprocal movements. This can happen, for example, in 

orthopedic applications, in the tape morse of joint prostheses (between the 

femoral head and stem), and under the heads of screws in ostheosynthesis 

devices. In these cases, the onset of fretting corrosion on titanium alloys 

has been confirmed by microscopic analyses at the damaged parts and by 

the presence of black titanium powder on the surrounding tissues, which 

seem to tolerate it. The sensitivity to fretting corrosion is the main limit of 

titanium and its alloys for orthopedic applications, especially because the 

fatigue or simply brittle fractures start very often at the corresponding sites 

of corrosion.[30] 

1.3.Objectives of This Investigation: 

The main objectives of this investigation are:   

1- Study of  three different microstracture of the second generation of 

the beta phase alloys, namely Ti- 13Zr-13Nb (rich beta), Ti-15Mo 

(metastable beta) and Ti-8Mo-4Nb-2Zr (single phase beta), in 

comparison to commercial pure titanium and first generation 

titanium alloys. 

2- study the influence of the systematically different microstructures of 

second-generation titanium biomaterials β- titanium alloys on the 

electrochemical behavior of these alloys, in comparison to 

commercial pure titanium and first generation titanium alloys, and 

thereby come up with recommendation for the ideal implant 

microstructure. 

3- study the influence of the systematically different microstructures of 

second-generation titanium biomaterials β- titanium alloys on the 

tribological behavior of these alloys, in comparison to commercial 

pure titanium and first generation titanium alloys, and thereby come 

up with recommendation for the ideal implant microstructure. 
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Theoretical Part 

2.1. General View 

 In this chapter, the literature on this work will be reviewed. In the 

beginning, a detailed explanation of biomaterials will be presented, 

followed by an explanation of the historical developments of metallic 

biomaterials, these sections focusing on biomaterials definitions, 

biomedical materials, plus the basic considerations for selection of metallic 

implants and design implants. The differences in titanium alloys are 

discussed in the following sections in terms of general characteristics, 

titanium alloys as biomaterials, and biocompatibility of alloying 

components. The next two major parts are on corrosion and tribology in 

general, and specifically about titanium alloys. Finally, the last part 

contains a review of the literature on elastic modulus, corrosion, and wear 

processes of titanium alloys. 

2.2. Biomaterials 

Biomaterials share the advantage of being used closely with the 

body. However, various topic specialists have characterized biomaterials in 

slightly different ways. A biomaterial, as defined by the National Institute 

of Health Consensus Development Conference, is any material (other than 

drugs) or mixture of materials, synthetic or natural, that is used as a whole 

or as a part of a system to replace or promote part of an organic or tissue, 

and can be used for any period of time. According to Materials Science, a 

biomaterial is “a material that has been designed to adopt a shape that may 

be utilized alone or as part of a complex system in intimate touch with a 

living body, via regulation of interactions with components of living 

systems” [3]. A biomaterial, in other terms, is "any material, artificial or 

natural in origin, utilized to replace or aid a portion of a tissue or organ 

while in intimate touch with it." As a result, the prefix "bio" in biomaterials 
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refers to "biocompatibility" rather than "biomedical or biological 

properties". Furthermore, a biomaterial is defined as a component of 

medical devices in the legal field. Medical devices are defined as "any 

implement, instrument, machine, implant, apparatus, in vitro reagent or 

software, calibrator, material, or other similar or related articles, 

manufactured to be used alone or in conjunction with other articles" 

(combination) for one or more specific purposes such as research, 

prevention, monitoring, diagnosis, assisting, controlling conception, or 

sustaining life [31]. Materials used for corrective eyeglasses and artificial 

limb prostheses, for example, are examples of biomedical devices, whereas 

total hip replacement (THRs) and contact lenses are instances of 

biomaterials, according to the legal definition. Figure 2.1 depicts the 

defining limits of biomedical materials, biological materials, and 

biomaterials [3], while Figure 2.2 describes the major uses of biomaterials 

in the human body [32], and Figure 2.3 depicts the various medical 

implants. [33]. Metals, ceramics, polymers, and composite materials are the 

four types of materials classified by Materials Science. Natural biomaterial 

groups can be combined with previous biomaterial groups[3]. 

 

Figure 2.1 Biomedical materials, biological materials, and biomaterials all 

have different definitions [3]. 
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Figure2.2 The most important uses of biomaterials in the human body [32]. 

 

 

 Figure 2.3 Various medical devices used in the human body [33]. 
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2.2.1 Metallic Biomaterials' Evolution throughout History  

Since nineteenth century, metals and alloys have been frequently 

utilized as medical implants. Industry produces a large number of metals 

and alloys as the economy and technology develop. Only just few metals 

and alloys, however, are biocompatible and have a lengthy record of 

accomplishment of effectiveness as medical implants. These few metals 

and alloys are classified into four groups: stainless steels alloys, cobalt-

based alloys, titanium-based alloys, and others not specified, these groups 

based on the major alloying element [3].  

Stainless steel alloys have been used for medical implants since the 

1920s [34].  316L is the most often utilized biomaterial among stainless 

steels and has been for a long period. Stainless steel, despite its capacity to 

passivate and build a passive oxide layer made mainly of chromium oxide, 

has a tendency to corrode within the body under specific conditions in 

oxygen-deprived areas and highly stressed. According to reports, for 

stainless steel alloys the most prevalent issues that inhibit its use as 

implants, according to studies, include: poor osseointegration in the vicinity 

of granulated tissue between the surface and tissue, crevice and fretting 

corrosion, , and a very high Young's modulus. For the last fifty years, 

cobalt-based alloys have been employed in biomedical applications due to 

their better corrosion and wear resistance versus stainless steels [34, 35].   

Commercially pure titanium and titanium alloys have been 

recommended as a replacement for stainless steel alloys (316L) and cobalt-

based alloys since they often contain hazardous elements such as Ni, Co, 

and Cr. As a result, since the early 1970s, titanium and specific titanium 

alloys have been employed in biomedical applications [36, 37]. 

First, because of its greater corrosion resistance and ability to 

spontaneously produce an inert and stable oxide coating when exposed to 
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an oxidizing environment, Cp-Ti was proposed for use as a biomedical 

material [36, 37]. Unalloyed Cp-Ti can be supplied; Cp-Ti grades 1–4 by 

the American Society for Testing and Materials (ASTM). The most 

common unalloyed titanium used in dental implant applications is CP-Ti 

grade 2[2, 36]. Cp-Ti has many benefits, but it also has some drawbacks. 

For example, in some situations, such as intense wear usage (low wear 

resistance) and hard tissue replacement, the mechanical characteristics of 

Cp-Ti cannot fulfill the criteria of biomedical applications [2, 38, 39].  

As a substitute for the Cp-Ti alloy, the first generation titanium 

alloys, a titanium-6 percent aluminum-4 percent vanadium (Ti-6Al-4V) 

alloy with α-β phase structure was recommended. Furthermore, there are 

worries regarding aluminum and vanadium toxicity, which might create 

significant issues once the metal ions are liberated within the live organism. 

New titanium alloy compositions based on V-free α-β-type titanium have 

been developed to address possible vanadium toxicity [2, 38, 39]. To 

address vanadium toxicity, Ti-6Al-7Nb and Ti-5Al2.5Fe alloys with high 

mechanical characteristics and metallurgical behavior similar to Ti-6Al4V 

were created [1, 37, 40]. Despite their numerous advantages, The elastic 

modulus of -α- phase type and α-β-phase type titanium-based alloys is 

substantially greater than that of human bone, bringing in a stress 

shielding influence [37, 39, 41-43]. As a result, low modulus β- type 

titanium alloys were recommended to reduce the stress shielding effect; the 

literature has more than one system of β-type titanium alloys [2, 43-51]. 

Subsequently, NiTi shape memory alloys and novel magnesium-

based alloys have been proposed. These minerals are currently being 

developed owing to their unique material characteristics, such as NiTi's 

shape memory and the degradability of magnesium alloys [52-55]. Their 

characteristics may be beneficial for more specific applications like 

regeneration (magnesium -based alloys), bone tissue creation and hard 
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tissues/organs non-conventional reconstructive surgery (NiTi shape 

memory alloys as vascular stents)[52-55]. Table 2.1 lists the benefits, 

drawbacks, and metallic implants' principal uses in the human body [7]. 

Figures 2.4 and 2.5 depict a typical clinical application of metallic 

materials; in figure 2.4a, the Harrington rod is an example of a stainless-

steel surgical device and in figure 2.4b, the stem of a THR is typically 

made of stainless steel, cobalt-based alloys, or titanium-based alloys. 

Figure 2.5 depicts an application of a NiTi shape memory alloy. A vascular 

stent (a) and an aneurysm clip (b) [3]. 

 

Table 2.1. A comparison of metallic implants used within the body [7] 

Metals and 

Alloys 

Selected 

Examles 

Advantages Disadvantage Principal 

Application 
Titanium based 

alloys 

Cp-Ti 

Ti-Al-V 

Ti-Al-Nb 

Ti-13Nb-13Zr 

Ti-Mo-Zr-Fe 

High 

biocompatibility 

Low Young 

modulus excellent 

corrosion resistance 

low density 

Poor tribological 

prperties toxic effect 

of Al and V on long 

term 

Bone and joint 

replacement, 

fracture fixation 

dental implants 

pacemaker 

encapslation  

Cobalt and Cr 

alloys 

Co-Cr-Mo 

Cr-Ni-Cr-Mo 

High wear resistance Allergy 

consideration with 

Ni , Cr and Co much 

higher modulus than 

bone  

Bone and joint 

replacement, dental 

implants, dental 

restorations, heart 

valves 

Stainless Steels 316L Stainless 

steel 

High wear resistance Allergy 

consideration with 

Ni and Cr much 

higher modulus than 

bone  

fracture fixation, 

stents, surgical 

instruments 

Others Ni-Ti Low Young 

modulus 

Ni cause allergy Bone plates, stents, 

orthodontic wires 

Platinum and t-Ir High corrosion 

resistance under 

extreme voltage 

potential and charge 

transfer condition 

 electrodes 

Hg-Ag-Sn 

amalgam 

Easy in situ 

formability to a 

desired shape 

susceptible to 

corrotion in the oral 

environment  

Concerns related to 

Hg toxity 

dental restorations 
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Figure.2.4: (a)The Harrington rod, and (b)the stem of a total hip 

replacement [3]. 

Figure 2.5:(a) a vascular stent, (b) an aneurysm clip [3]. 

2.2.2 Fundamental Factors to Consider in the Selection and 

Metallic Implants Design 

The selection and design of metallic biomaterials is determined in 

order to be used in the living body without rejection for an extended period 

of time, and by their specific medical application. Osseointegration, 

excellent biocompatibility, great corrosion resistance, appropriate 
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mechanical characteristics, and great wear resistance are the basic features 

of a metallic implant [3]. 

2.2.2.1 biocompatibility 

The substances chosen and designed for implantable devices must be 

compatible with the live body and therefore have no detrimental systemic 

or local implications on the human body. When utilized in a biological 

system as an implant, no substance is very inert for an extended period. The 

utilization of elements that already exist in the biological system is the 

basic assumption in the selection and design of a biomaterial, in order to 

avoid any detrimental consequences (systemic or local). Table 2.2 lists the 

public elements that found in the human body. The majority of the human 

body elements is nitrogen, hydrogen, carbon, and oxygen, these elements 

make up 96 percent of the body's mass; they provide as the foundation for 

water and proteins. The elements found predominantly in extracellular 

fluid, blood (K, Na, and Cl), or bones (P, Ca, and Mg) make up the bulk of 

the human body (4 percent); these elements are given in table 2.3[56]. 

Additionally, table 2.4 lists the micronutrients or roles of trace elements in 

the human body, all of which are toxic in high concentrations; as a result, 

for healthy body physiology, development, and growth, these elements 

must be at relatively low levels [56, 57].  

Table 2.5, lists the known trace or micronutrients. To conclude, 

several metals may be utilized in the human body, while so many of these 

elements are micronutrients in small quantities, they are harmful and highly 

poisonous at greater ones [3]. The biocompatibility of various alloys and 

pure metals that can be utilized as metallic biomaterials is depicted in 

Figure 2.6[58]. When designing and selecting biomaterials, toxic metals 

must not be utilized in biomaterial alloys as alloying elements. Although, 

as previously stated, no metal is completely non-toxic or inert; thus, alloys 

used in biomedical implants would be made from inert elements, elements 
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found as micronutrients or those elements with excellent corrosion 

resistance [58]. 

Table 2.2 :Elements in the human body [3] 

Element O C H N Ca P K S Na Cl Mg Trace 

element 

Wt% 65.0 18.5 9.5 3.3 1.5 1.0 0.4 0.3 0.2 0.2 0.1 ˂0.01 

At% 25.5 9.5 63.0 1.4 0.31 0.22 0.06 0.05 0.3 0.03 0.1 ˂0.01 

 

Table 2.3: Macro Elements Functions in the human body [56]. 

Macro element Roles 

O,C,H,N In water and the molecular structures of proteins 

Ca structures of bone and teeth 

P structures of bone and teeth, required for ATP, the energy carrier in animals 

Mg Important in pone structure, deficiency results in tetany(muscle spasms) and can lead t calcium 

deficiency 

Na Major electrolyte of blood extracellular fluid required for maintenance of pH and osmotic balance 

K Major electrolyte of blood intracellular fluid required for maintenance of pH and osmotic balance 

Cl Major electrolyte of blood extracellular and intracellular fluid, required for maintenance of pH and 

osmotic balance. 

S Element of the essential amino acids methionine and cysteine. Contained in the vitamins thiamin 

and biotin. As part of glutathione it is required for detoxification. Poor growth due to reduced 

protein synthesis and lower glutathione levels potentially increasing oxidative or xenobiotic 

damage are consequences of low sulfur and methionine and /or cysteine intake. 

 

Table 2.4: Trace Element Functions in the Human Body [3]. 

Trace Element Roles 

Fe Contained in heme groups of hemoglobin and myoglobin which are required for oxygen transport in 

the body, as well as many other metabolic enzymes and Fe-S proteins. Part of the cytochrome p450 
family of enzymes. The genetic disease hemochromatosis results from excess iron absorption. Similar 

symptoms can be produced through excessive transfusions required for the treatment of other 

diseases.  

Cu Contained in enzymes of the ferroxidase system which regulates iron transport in the blood and 

facilitate release from storage. A structural element in the enzymes tyrosine, cytochrome c oxidase, 

ascorbic acid oxidase, amine oxidases, and the antioxidant enzyme copper zinc superoxide dismutase, 
amongst others. A copper deficiency can result in anemia from reduced ferroxidase function. Excess 

copper level cause liver malfunction and are associated with genetic disorder Wilsons Disease  

Mn Major component of the mitochondria antioxidant enzyme manganese superoxide dismutase. A 

manganese deficiency can lead to improper bone formation reproductive disorders. An excess 
manganese can lead to poor iron absorption.  

I Required for production of thyroxine which plays an important role in metabolic rate. Deficient or 

excessive iodine intake can cause goiter (an enlarged thyroid gland) 

Zn Important for productive function due to its role in FSH (follicle stimulating hormone) and LH 
(leutinizing hormone), required for DNA binding of zinc finger proteins which regulate a variety of 

activities. A component of the enzymes alcohol dehydrogenase, lactic dehydrogenase carbonic 
anhydrase, ribonuclease, DNA polymerase and the antioxidant copper zinc superoxide dismutase. An 

excess of zinc may cause anemia or reduced bone formation. 

Se Contained in the antioxidant enzyme glutathione peroxidase and heme oxidase. deficiency results in 

oxidative membrane damage with different effects in different species. Human deficiency causes 
cardiomyopathy and is known as Keshan diseases. 

Co Contained in vitamin B12. An excess may cause cardiac failure. 

Mo Contained in enzyme xanthine. Required for the excretion of nitrogen in uric acid in birds. An excess 

can cause diarrhea and growth reduction. 

Cr A cofactor in the regulation sugar levels. Chromium deficiency may cause hyperglycemia (elevated 

blood sugar) and glucosuria (glucose in the urine). Elevated level of some forms of chromium, such 

as Cr(VI), can be carcinogenic. 
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Table 2.5: The list of trace elements found in the human body[3]. 

 

 

Figure 2.6: (a) Some pure metals are cytotoxic to cells, (b) the relationship 

between biocompatibility and polarization resistances of stainless steels, pure 

metals, and cobalt-chromium alloys [58]. 

2.2.2.2 corrosion resistance 

 The outside environment (ambient conditions) differs chemically and 

physiologically from the inside the human body's environment. In usual 

circumstances, human body’s solutions consist primarily of Cl+, Na+, and other 

soluble protein, amino acids, trace ions, and approximately 9 percent brine. 

Table 2.6 shows human blood plasma ionic concentration [59]. At pressure of 1 

atm and 37°C, the pH of these fluids is almost balanced, ranging from 7.2 to 

7.4[60]. Likewise, different regions of the human body have varying amounts 

of oxygen and different pH levels. As a result, an implant may be corrosion 
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resistant in one part of the body while being poor corrosion resistant in 

another part [60]. 

In reality, under specific situations, such as injury or surgery, the pH of 

human bodily fluid can fluctuate between 7.2 -7.4 to 3-4, causing inflammation 

owing to inflammatory cell discharge. Additionally, ionic strength fluctuations 

might occur because of high ion deposits or blood pressure. As a result, the 

human body will react to an implant as if it were an attack environment. 

Furthermore, Oxygen partial pressure in the human body raises the corrosion 

ratio of the implants by delaying the development of the oxide film on the 

surface of a broken or removed implant [60]. In an ideal world, a metallic 

implant would be corrosion resistant; as a result, metal ion release from a 

biomaterial metallic implant, which results in hazardous responses, under 

normal physiological conditions, ion release should be reduced and maintained 

at appropriate levels in the severe conditions and for Long-term service for 

more than 30 years [3]. 

Table.2.6. Human blood plasma ionic concentrations (mM) [49]. 

  

 

2.2.2.3 mechanical resistance 

 The metallic implant that can be utilized to change any live body component. 

Bone must be capable of determining the bone's mechanical performance. As a 

result, the metallic implant's mechanical properties, such as ultimate tensile 
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strength (UTS), toughness, and Young's modulus, must all be taken into 

account when selecting and designing a metallic implant [4]. Table 2.7 lists the 

mechanical properties of the controlling metallic biomaterials. Stainless steel, 

cobalt alloys, and titanium-based alloys have a much higher Young's modulus 

(>100 GPa) than bone (10-30 GPa) [4]. As a result, biological reactions, 

notably atrophy surrounding the implant site, develop, prompting revision 

surgery, this is known as the "stress shielding effect". A metallic implant with a 

modulus of elasticity equivalent to or similar to bone must be used as a bone 

replacement. Strength of fatigue is defined as the number of cyclic stresses that 

a material can withstand, without causing it to fail under fatigue. In reality, 

cyclic loading can cause skeletal implant fatigue (e.g., spinal fixations, hip 

replacement joints, wires, knee joints, and plates). Service conditions (corrosion 

environment, load vectors, cycle frequency, and wearing, material 

microstructure, and product surface quality) are all factors that have a major 

effect on fatigue life [3]. 

 

Table 2.7 Metallic biomaterials and cortical bone mechanical properties [4]. 
Material Young’s  

modulus(Gpa) 

Ulltimate tensile 

strength(Mpa) 

Fracture 

 Toughness(MPa√m) 

CoCrMo alloys 240 900-1540 ≈100 

316L stainless steel 200 540-1000 ≈100 

Ti-alloys 105-125 900 ≈80 

Mg alloys 40-45 100-250 15-40 

NiTi alloy 30-50 1355 30-60 

Cortical bone 10-30 130-150 2-12 

 

2.2.2.4 wear resistance 

 Wear is an unavoidable issue in any joint replacement, regardless of the 

biological materials employed. The kind of joint is crucial when choosing 

biological material types. The elbow, shoulder, knee, ankle, and hip are 

examples of long bone joints, whereas the wrist, tooth, and skull are static joint 
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examples. The mobile joints are classified as harmonious or non-harmonious 

depending on the fit of the opposing bones. Congruent joints include the 

shoulder and hip (figure 2.8), whereas non-harmonious joints include the knee 

and ankle (figure 2.9). As shown in figure 2.8, Brittle ceramics are used as 

articulating surfaces in socket joints and ball joints; a ball-shaped head is 

closely coupled to a cup-like socket, dispersing stress similarly. Table 2.8 

shows the wear-resistance classification of articulating surfaces for joint 

prosthetics and orthotics. Figure 2.9 shows a contact of two non-harmonious 

hard surfaces, because of the very heterogeneous load, Brittle ceramic materials 

cannot withstand this sort of force; instead, in these circumstances, tough 

metallic and polymeric materials are employed [3]. 

Currently, joint replacement may be classed as "Hard-on-Hard," in which 

case the joint replacement is composed of “Ceramic-on-Ceramic, CoCrMo-on- 

CoCrMo , or Al2O3-on-CoCrMo”; or “Hard-on-Soft,” in which case “Metallic-

on-UHMWPE, Ceramic-on-Ultra-high molecular weight polyethylene 

(UHMWPE)” is used to make the joint replacement. For a metallic implant, the 

friction coefficient should be low, or the wear resistance should be higher. In 

addition, vice versa will result in the loosening of the implant and the formation 

of wear debris might induce inflammation comparable to pyrogens or bacteria, 

culminating in the destruction of the metallic implant's bone support [65-67]. 
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Figure 2.8. Human bodies have two congruent joints: (a) the hip joint and (b) 

the shoulder joint [3].  

Table 2.8: Wear resistance of articulating surfaces for joint prostheses [3].  

 

 

Figure 2.9. Two prosthetic joints that are incompatible with one another (a) 

knee joints and (b) ankle joints [3]. 
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2.2.2.5.Osseointergration 

 Another important term to consider in the biomedical science domain is 

Osseo-combination. Osseo-combination is defined as “a word used to describe 

the process of bone recovery and new bone formation” and is a necessary 

orthopedic procedure [68]. The lack of a bone-implant interface and other tissue 

near the implant causes the prosthesis to loosen. As a result, the appropriate 

combination of an implant is important, that commonly necessitates it having 

an acceptable surface that will enhance combination with the tissues and bone 

in the vicinity. Chemistry surface, topography, and roughness, are all important 

factors to consider for great Osseo-combination [69-72]. 

2.3 Titanium  

Titanium alloys have become increasingly popular as biomaterials 

throughout the previous two decades. Some time ago, pure titanium α-phase 

Cp-Ti and the first generation titanium alloys α+βphase Ti-6Al-4V were 

introduced. However, Second generation titanium alloys, also known as β -

phase titanium alloys, have received a lot of interest recently. This section will 

provide a summary of titanium's general properties, crystals structure of 

titanium, titanium Alloys, and alloying elements biocompatibility. [73] 

2.3.1 Titanium's General Properties 

After Al, Fe, and Mg, Ti is the fourth 18th most abundant metal and it 

is the ninth most plentiful element on earth. It has a metallic silver appearance. 

Titanium has a density of 0.6 that of iron and close to 0.5 that of cobalt. 

However, it is distinguished with a modulus of elasticity about 0.5 that of 

molybdenum-cobalt alloys and stainless steels [74]. Titanium outperforms 

cobalt-chromium and stainless steel alloys in terms of (specific strength), but 

falls short in terms of tribological properties. Because titanium's properties are 

intermediate between those of steel and aluminum [75]. Because of its low 
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density, exceptional corrosion resistance, and good biocompatibility, titanium is 

frequently utilized in medical applications. Titanium and its alloys, on the other 

hand, have several disadvantages, such as high cost, fabrication problems, 

embrittlement (at high temperatures, oxygen transport occurs in the surface 

oxide layer), high reactivity or strong sensitivity to temperatures over 480°C , 

and high energy content in production[76]. 

2.3.2. Crystals Structure of Titanium  

  At low point temperatures, pure titanium metal has a hexagonal close 

packed (hcp) structure (α-type phase), whereas heating the -transus temperature 

leads the alloy to β transition to the body centered cubic (BCC) β-type 

phase[77]. It is at 882°C and is determined by the titanium composition. Its 

microstructure can be manipulated through thermomechanical and thermal 

processes. Furthermore, crystallographic texture may be evolving; thus, the 

microstructure can be controlled [74]. 

2.3.3 Titanium Alloys 

  After processing, based on their microstructure, titanium alloys are 

classified into five categories. Among these are α-phase type alloys, near-α 

phase type alloys, α-β phase type alloys, metastableβ phase type alloys, and 

stable β -phase type alloys [73]. Near α-type and α-type alloy has high 

resistance to corrosion; α+β-type has greater strength; β-type (metastableβ and 

stableβ) has a lower elastic modulus and greater resistance to corrosion [78]. It 

has been demonstrated that theβ type phase has two phases that are stable, the 

first at lower temperature with α phase (having a crystal structure of HCP) and 

the second at high point temperature (with a BCC). These alloys also contain 

three metastable phases having a hexagonal structure (HCP): omega phase (ω), 

hexagonal martensite (αʹ), and an orthorhombic martensite (αʺ) [79]. It has been 

demonstrated that are produced by quenching from the phase [80]. There are 

three types of alloying elements that may be included in titanium (se figure 
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2.10) [74]. The first are α-stabilizers, which raise the β-transus temperature, 

such as Al, O, C, and N. The second type of stabilizer is an isomporphous 

element β-stabilizer (as in, Mo, Ta, V, and Nb) or a eutectoid element (for 

example, H, Mn, Fe, W, Cr, Ni, Si, and Co); the β-transus temperature is 

lowered by these elements. Elements of the third category, such as Sn and Zr, 

have a neutral influence; all of these elements have a negligible influence on the 

temperature of the β-transus [81, 82]. 

Figure.2.10. Patterns illustrating the influence of alloying elements on the β- 

transus temperature [74]. 

 

2.3.3.1 Near α and α- Titanium Alloys: 

 Near-alloys, Cp-Ti alloys, and super alloys are examples of these. Cp-Ti 

(98.-99.6% wt. Ti) with 100 percent α-phase has, high ductility, UTS in the 

range 240-550MPa, and yield strength in the range 170-480MPa (low strength), 

according to interstitial levels and impurity [73]. Even if they include some β-

phase, alloys (designated as near-α or super-α alloys when modest quantities of 

βstabilizers are added) are more similar phase α phase Cp-Ti alloys than α-

βalloys. Because of their lower strength at room temperature, near-α alloys and 

α alloys, as opposed to β or α-β alloys, have not been utilized in medical 
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implants in the same way. Therefore, Cp-Ti grades are chosen for their 

corrosion resistance and for non-load bearing applications [3, 73]. 

2.3.3.2 α-β Phase Titanium Alloys  

α - β - alloy ASTM standards, specifically first generation Ti-6Al-4V, Ti-

5Al-2.5Fe, Ti-6Al-7Nb, and Ti-6Al-4V ELI, are found in medical equipment 

[3]. Ti6Al-4V alloy and Ti-6Al-4V ELI alloy are the used most often in 

medical devices. In comparison to Ti-6Al-4V, Ti-5Al-2.5Fe and Ti-6Al-7Nb 

are devoid of vanadium, which has a negative tissue influence and is known to 

be toxic; however, these alloys have the same metallurgy as Ti-6Al-4V [73]. 

The alloy composition, solution-treating temperature, cooling rate, and section 

size all have a delicate effect on the microstructure of α-βalloys. It was 

demonstrated that by using solution treatment and aging, the strength of these 

alloys could be increased by 0.3-0.5, while their modulus of elasticity stays 

unchanged. When contrast to -titanium alloys, these alloys' fatigue strength may 

be enhanced by aging and solution heat treatment, and it is equivalent to or 

greater than that of 316L s-steels and cobalt alloys [83]. 

2.3.3.3 Second-generation β-titanium  

The modulus of elasticity of second-generation stable and metastable β-

titanium alloys is closer to that of bone [79-88]. As a result, these alloys have 

piqued the interest of researchers because they able to alleviate stress shielding 

problems created by the implant's high Young's modulus [3]. In the 1990s, 

these alloys were developed for orthopedic implants. Titanium alloys of β-

phase contain elements that are biocompatible and free of vanadium, such as 

iron, molybdenum, niobium, tantalum, and zirconium. When compared to α-βTi 

alloys such as (Ti-6Al-4V) first-generation titanium biomaterials, these alloys 

exhibit high corrosion resistance, fewer elastic moduli, and improved 

biocompatibility [34, 58]. β-phase titanium alloys have yield strengths 

comparable to cobalt alloys and 316L stainless steels[3]. While these alloys 
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have several disadvantages, for instance, they have inferior wear resistance and 

their fatigue strength is lower than that of cobalt alloys [76]. 

2.3.4. Phase diagram of Titanium alloys used: 

Below are the phase diagrams of the titanium alloys used in this study. 

Figure2.11 shows the phase diagram of the Ti-Al-V alloy.  Figure 2.12 shows 

the phase diagram of Ti-Mo alloy.  Figure 2.13 shows the phase diagram of Ti-

Zr-Nb alloy. 

Figure.2.11. phase diagram of the Ti-Al-V alloy.[89] 
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Figure.2.12. phase diagram of Ti-Mo alloy[90] 

 

Figure.2.13. phase diagram of Ti-Zr-Nb alloy.[91] 
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2.3.5. Alloying Elements Biocompatibility 

The most significant alloying elements typically added to titanium alloys 

for medical biomaterials are Al, V, Nb, Mo, Ta, and Zr, as shown in table 

2.11[92]. 

Table.2.11:Concentration of titanium in tissues surrounding titanium 

implants[93]. 

 

Table.2.12: Concentration (jxg/1) of metals in tissues and blood retrieved 

during total arthroplasty of cementless stems[93]. 

  

• Titanium (Ti): Even at high concentrations, is a non-toxic element [94, 95]. 

The body or the host bone does not tolerate titanium osseointegration. In vitro 

experiments revealed that titanium could inhibits osteogenic differentiation of 

mesenchymal stem cells and cause genetic changes in connective tissue [96, 

97]. Additionally, when titanium particles of a certain size are present in the 

body, they have a biological effect on the body's white blood cells [98]. 

• Vanadium (V): Though, It has a lesser-known biological significance in the 

human body in terms of favorable cellular responses [99,100]. The 

disadvantage of vanadium is that its oxide looks to be toxic[101], In animal 
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experiments, oral exposure or inhalation to V compounds and V resulted in 

carcinogenicity and might have a wide range of negative effects on liver , 

neurological system, blood parameters, respiratory system, and other 

organs[101-103]. It has recently been discovered that vanadium release and 

implant failure are related. When used in titanium alloys, the toxicity of V is 

readily obvious [104]. 

• Aluminum (Al): Despite its little-understood biological significance in 

the body, Al may become toxic and hazardous in large amounts [105]. 

Aluminum toxicity is a serious issue in individuals with renal illness; moreover, 

aluminum causes the blood-brain barrier and altered function of brain 

neurotoxicity [106-108]. Similarly, high exposure to aluminum has been linked 

to an increased breast cancer and risk of Alzheimer's disease [109,110]. 

According to the most recent data, because of its action in estrogen receptors, 

Al can boost gene expression in human breast cancer cells [111].  

• Niobium (Nb): In the human body, it has a poorly understood biological role. 

This is related to the toxicity of certain niobium compounds, such as niobates 

and niobium chloride [112,113]. According to one study, niobium is one of 

most poisonous metal ions, causing immune cell death and encouraging DNA 

damage [113]. As a result, until further information is known, niobium should 

be handled with caution, particularly when combined with other alloying 

elements [3]. 

• Molybdenum (Mo): an important trace element that is required by numerous 

enzymes such as aldehyde oxidase, xanthine oxidase, and sulphite oxidase 

[114]. Mo concentrations are lower in the vertebrae and greater in the kidneys 

and liver [115, 116. Because Mo is present in human tooth enamel, it aids in the 

prevention of tooth decay [116]. As a result, it is less corrosive and toxic than 

Ni, Cr, and Co [114,117,118]. According to latest studies, Mo toxicity has not 

been documented in the human body, and almost there is no evidence on 

Molybdenum's chronic toxicity in humans. But, it has been observed in animal 
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research that prolonged consumption of more over 10 mg/day can have effects 

on the liver, lungs, kidneys, as well as growth retardation, gout, infertility, low 

birth weight, and diarrhoea[117,119]. Furthermore, it has been observed that 

the concentration of Mo in blood in patients with hip resurfacing arthroplasty 

and metal-on-metal (M-OM) THR is typically lower than that of Ni and Cr 

[120,121]. So yet, no research on the Mo toxicity when utilized as a metallic 

implant in the body have been published [3].  

• Zirconium (Zr): Because it has a 1mg content in the human body, It has no 

inherent biological function in humans (toxicity of Zr compounds is low). 

Furthermore, if zirconium is powdered, it should be handled with care since it 

causes irritation and can induce lung and skin granulomas when breathed. 

Long-term Zr tetrachloride exposure was found to cause increased mortality 

rates in guinea pigs, as well as a reduction in blood haemoglobin and red blood 

cells in dogs [122-124].  

2.4 Corrosion behavior  

Corrosion is described as a natural phenomenon. For metals, it is 

described as an electrochemical process or irreversible chemical reaction that 

occurs when the metal is exposed to its environment. In addition, the system is 

going into more stable state thermodynamically, according to the second rule of 

thermodynamics [125,126]. When metal is placed in a corrosive surrounding 

environment, it might react in three ways, depending on the environment and 

the metal. The first is a corrosion-free condition in which the metal is not 

oxidized. While the second way of reaction, occurs when the metal is in a state 

of activity, when it will result in metal loss and corrode, as well as the 

incorporation or dissolving of a corrosive elements into metal. The third way of 

reaction is in a state of passivity, in which the alloy or metal can form a passive 

protective oxide layer on its surface, which reducing the rate of corrosion [127, 
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128]. The typical electrochemical process of corroding a passive metal and an 

active metal is depicted in Figure 2.11[33]. 

Figure 2.11. The diagram depicts the electrochemical processes that occur 

during the corrosion of a passive and an active metal [33] 

In the case of metallic biomaterials, one of most popular kind of 

corrosion is aqueous corrosion. The anodic and cathodic reactions in an 

aqueous electrolyte occur on the metallic surface. The anodic process, which 

involves the loss of electrons from metal atoms (oxidation), and the cathodic 

process, It includes an oxidizing agent consuming electrons (reduction). The 

following equation can be used to illustrate the anodic half – cell reaction [129]: 

𝑀 → 𝑀+𝑛 + 𝑛 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠                                                                                  2.1 

The following equations can be used to depict the most frequent cathodic half – 

cell reactions: 

 2𝐻 + + 2𝑒 + → 𝐻2                                                                                    2.2 

 𝑂2 + 4𝐻 + + 4𝑒 → 𝐻2𝑂                                                                             2.3 

 𝑂2 + 2𝐻2𝑂 + 4𝑒 → 4𝑂𝐻−                                                                          2.4 

The cathodic half-cell process for hydrogen evolution was described by 

equation 2.2, whereas the cathodic half-cell reaction for oxygen reduction in 

acidic and alkaline solutions was represented by equations 2.3 and 2.4, 
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respectively [129]. Under equilibrium circumstances, in equation 2.1, the rate 

of reaction is utilized to determine the rate of corrosion for a metal (M). This is 

determined by the electrode potential and is known as the corrosion potential. 

However, during operating circumstances, a number of variables affect the 

corrosion potential. The kinetics of the reduction reaction, galvanic contacts 

with other metals, formation of passive surface film, temperature, and mass 

transport conditions, are variables that can affect the potential of corrosion for a 

metallic component. As a result, a metal's corrosion potential might vary based 

on the ambient conditions [130, 131]. 

In biomedical applications, passive materials must be utilized. Titanium 

alloys are typically passive due to the spontaneous creation of a protecting 

oxides layer on the surface of titanium alloy as a result in the subsequent 

reaction: 

 𝑇𝑖 + 2𝐻2𝑂 ↔ 𝑇𝑖𝑂2 + 4𝐻 + + 4𝑒 −                                                             2 .5 

Figure 2.12 depicts a possible polarization curve for protected passive 

material [132]. There are four possible domains identified: anodic, cathodic, 

trans-passive, and passive domains. The current is determined by the 

concentration of dissolved oxygen and water reduction, and this indicates the 

metal is located in the cathodic zone, when the potential is less than the Ecorr. 

The metal stays active (when the potential rises over the Ecorr) in the anodic area 

until it reaches the region of passivation (EPP). The current density falls at a 

moment called passive current density ipp, and the potential approaches the 

value of passivation EPP. The creation of a protective oxide layer of the metal's 

surface causes a decrease in current density. In the passivation area, the metal 

might still corrode, albeit at a slower pace. In the trans-passive zone, the 

potential will reach its breaking point, Eb, and the metal will begin to corrode 

fast. The metal has a more stable protective oxide layer if its Eb is value that is 

more positive. If the metal has a big differential between Ecorr and Eb, it will 

be more resistant to pitting and crevice corrosion. When the difference between 



Theoretical Part Chapter Two 

31 
 

Eb and Er (re-passivation potential) is minimal, the metal is more resistant to 

localized corrosion [133, 134]. 

Figure 2.12. A passive material's typical polarization plot [132] 

In a biosystem including metallic biomaterials, several corrosion 

processes can occur, including the localized corrosion, system being active, 

adsorption, passivation, passive dissolution, and transpassive. Figure 2.13 

depicts a schematic of the processes that take place when a surface of metallic 

biomaterial coming into touch with an electrolyte. When the alloy or metal is 

free of the oxide layer, it becomes active. Passivation is the creation of a 

protective oxide film on a metal's surface. A metal will begin to corrode fast 

when it is in the transpassive case. When a strong attack happens in a restricted 

local area at a faster rate than the remainder of the surface, this is referred to as 

localized corrosion. In biosystems, adsorption is another prevalent phenomenon 

that happens when a specific species, such as proteins, biomolecules, or cells, is 

present in the bodily fluid. The rate of corrosion may be regulated by the mass 

transfer rate of anodic reaction products, the charge transfer reaction kinetics at 

the metal-electrolyte contact, and the characteristics of the passive oxide layers, 

according to adsorption phenomenon [131]. 
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Figure 2.13 the reactions that occur when a surface of biomaterial metallic 

comes into touch with an electrolyte [131]. 

2.4.1 Electrochemical Techniques for Corrosion Study 

  There are several approaches available for measuring the corrosion rate 

of materials and understanding corrosion mechanisms. Simulated service and 

field approaches are utilized to examine the corrosion reaction of a certain 

portion of a substance over an extended time. Laboratory accelerated tests are 

performed in the event of a specific environment and to gain the corrosion rate 

and a more general understanding of the corrosion processes [125]. The 

laboratory practice of investigating the electrochemical characteristics of 

materials use a cell with three electrodes. To determine the working electrode's 

potential, a reference electrode (RE) is required in the three-electrode cell. The 

counter electrode (CE) is composed of platinum gold, or graphite, and is 

utilized to transport the current through the circuit. The examined sample is the 

working electrode (WE). An electro motive force (e.m.f.) source, a 

galvanometer and a voltmeter in electrolyte solution are joined to all electrodes 

[125, 135]. To examine the function of potential and the corrosion mechanisms 

on the electrochemical responses of the change in current at given potentials, 
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the materials, the potential, and current may be monitored [125, 135]. The 

techniques listed below are widely utilized to investigate material 

electrochemical reactions. 

2.4.1.1 Open Circuit Potential (OCP)  

The rates of anodic and cathodic reactions are identical in this sort of 

measurement. There is no external voltage or current provided in the course of 

the open circuit potential technique method (OCP), also known as free 

corrosion potential (Ecorr), hence the net current flow is zero from or to the 

electrode. The value of Ecorr is frequently estimated, and it provides preliminary 

description on whether the material is active or passive in the investigated 

environment, the material's surface state, and any changes that may occur in the 

material's surface condition.[136] 

Moreover, OCP may be utilized to determine if the passive layer on the 

material's surface in the surrounding environment has been degraded over time 

or removed, as well as the point at which it has lost its integrity. The corrosion 

is more likely, and material is active if the OCP is low. When a material has an 

OCP that is high, it is in a passive condition. The importance of OCP in giving 

information on the state of the material over time cannot be overstated, and 

indicating any sudden changes in potential produced by a change in the surface 

of material during testing. When the open circuit potential changes from a high 

to a low value, cathodic shifting might occur in the material, indicating the 

presence of an active surface on the substance. In fact, When the OCP value 

shifts from a low to a high, passivation begins[137].  

Even though there are several benefits of employing OCP, it is necessary 

to discuss a few of the drawbacks. The OCP value obtained by this approach, 

for example, is an average value of the material's whole surface that does not 

exhibit discrete regions that may have anodic and/or cathodic potential. As a 

result, some of the material's surface may be corroded at a potential value lower 
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than the suggested OCP value. Additionally, the OCP only reflects the 

material's surface state in a corrosive medium at the time of the test, and 

provides no information regarding the quantity of corrosion or the rate of 

corrosion occurring over time. The data of OCP may be compared across 

different materials to get a sense of how these materials will corrode, as well as 

their corrosion resistance in relation to one another [138]. 

2.4.1.2 Potentiodynamic polarization (PD) 

  For corrosion investigations, this is one of the most commonly used 

techniques of electrochemical behavior. Using this method, the passive current 

density as a function of the applied potential may be determined dynamically, it 

is referred to as a polarization curve. During a potential sweep, the substance is 

subjected to a potential that varies from cathodic potential to anodic potential. 

The rate of corrosion over time is shown by the change in current density 

during this operation [136]. 

Figure 2.14 depicts a passive material's polarization curve [139]. If the 

material has a high corrosion potential, a low current density in the passive 

state, and a wide passive potential, it will be corrosion resistant. The material, 

on the other hand, is more active and is more susceptible to corrosion attack, 

when it has a higher current density [140]. In a certain corrosive environment 

the free corrosion potential of a material and corrosion current density (icorr) 

estimated using Potentiodynamic polarization by using the Tafel plot, which is 

one of the easiest ways for measuring corrosion rate under free corroding 

circumstances[139, 141]. Figure 2.15 depicts a typical Tafel plot [140]. 
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Figure 2.14. A fictitious polarization of a passive metal [139] 

Figure 2.15. The Tafel plot for calculating corrosion parameters [140] 

 

2.4.1.3 Potentiostatic Polarization (PS) 

  The substance is exposed to a stable potential in this method. The 

potential used either anodically or cathodically, and the current is computed 

over time. The time - current relationship between time and current can reveal 

information about the electrochemical kinetics of the test [130]. 



Theoretical Part Chapter Two 

36 
 

This method may be used to determine the development or deterioration 

of inert oxide layers on the corrosive material surface. The Point Defect Model 

(PDM) and High Field Theory (HFT) are utilized to describe the change in ion 

flux at the  protective and passive surface layer. As the thickness of the 

protective oxide surface layer rises over time, the ion flow decreases, causing 

conduction to decrease and, as a result, the current density to decrease [142-

144]. 

To estimate the rate of current decay over the time, use the following 

equation [143-145]: 

 𝐼 = 10(−𝐴+𝐾 𝑙𝑜𝑔𝑡)                                                                                            2 .6 

K denotes the slope of the log I against log t curve. The k value provide 

knowledge about the passive film's structure as well as the state of passive 

material’s surface in an environment. For example, if K= -1, the oxide layer is 

likely to be robust and protective. If the K value is -0.5, the oxide layer does not 

serve as a barrier and may be that a passive layer is not present or damaged. If  

the K value is near or equal to -1, the passive oxide layer is more protective, 

robust, and stable in a certain corrosive surrounding environments [143, 145]. 

2.4.2 Mechanisms of Corrosion  

 The mechanism of corrosion, the appearance of the damaged material, 

and the nature of the corrosion are defining variables that may be utilized to 

determine the kind of corrosion. The kind of corrosion can also be determined 

visually [146]. Corrosion is influenced by not only the metals type or alloys 

used, the surrounding environment also plays a major role. Environmental 

factors such as electrolyte concentration, temperature, and the presence of 

living organisms, pH, and electrolyte motioncan all affect the corrosion reaction 

of metals or alloys. Corrosion environments with alkaline or acidic electrolytes 

can be air, aquatic, subterranean, or soil; mixtures of these conditions are 

conceivable [138, 146].  



Theoretical Part Chapter Two 

37 
 

2.4.3 Corrosion of Titanium Alloys  

Titanium alloys are naturally capable of producing and growing a 

protective oxide layer with a thickness ranging between 2 and 5nm. As a result, 

titanium alloys exhibit high corrosion resistance in a variety of corrosive 

environments. Titanium oxide films have strong adhesion to the substrate 

surface and the capacity to self-repair if broken. This enables titanium alloys to 

withstand the majority of oxidizing media, such as nitric acid solution, 

chlorides, sulfates, hydrochlorides, salt, and sulfides [82,147]. Titanium alloys, 

on the other hand, are unable to tolerate fluoride ion presence in strongly 

oxidizing and reducing environments [82,147,148]. These corrosive 

environments have the potential to degrade and damage the passivating oxide 

layer [148].  

There are four of corrosion behavior responses, which are depicted in 

Fig. 2.16. An active reaction is the first state of response, where titanium 

oxidized rapidly, resulting in Ti (III) ions. The second state of response is a 

passive state (inactive state), wherein titanium is protected by passive oxide 

films, where it significantly reduces the rate of oxidation. Ti (IV) ions, on the 

other hand, produced by raising the immersion time. This ion can move through 

into oxide passive film on the substrate surface (base material surface) or enter 

solution. The 3rd state (known as a translational state) which combines active 

and passive state, in which the oxide layer only partly blankets the titanium's 

surface, keeping it from passivating. Hydrogen evolution state is the fourth state 

when exposed to a sufficiently negative voltage; titanium may be damaged by 

hydrogen evolution. Wherefore, There are several environmental factors 

influences the responses, these include pH, duration of exposure, and 

temperature [149]. 

When adding alloying elements such as Zr ,Nb, Mo, and Ta, it was found 

that they are oxide layer stabilizer on the surface in biological conditions and 
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create protective stable oxides, for instance ZrO2, Nb2O5, Ta2O5, and MO2[150-

154]. With these elements titanium alloys show superior corrosion resistance to 

that of stainless steel (AISI 316L) and wrought (CoNiCr) alloys [150]. Effect of 

the Ti-alloy microstructures is noticeable on the corrosion property. The passive 

corrosion current density increased if rising the transition ratio for α to β phase 

in Ti6Al-4V. These rises are due to the formation of a galvanic cell between the 

different phases  (α and β phases). The microstructure type when employed as 

biomedical metals, titanium alloys play an extremely essential function in 

corrosion resistance [155]. The kind of thermomechanical technique and 

thermal heat treatment used have a major influence on the corrosion reactions 

[156]. For instance, the reaction of corrosion following heat treatment aging 

differs from the reactions following heat treatment solution. Moreover, the kind 

of forging, heat treatment, cooling medium, thermomechanical process, cold 

rolling, and hot rolling will all have an influence in titanium alloy corrosion 

reaction [156-161]. 

 

 

 

 

 

 

 

 

Figure 2.16. The relationship of current-potential for titanium in an acidic 

solution [149]. 
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2.5 Tribology behavior: 

2.5.1 Friction 

 A resistance force known as friction is created during the movement of 

two touching bodies. Any material's friction response is determined by its 

structure, surface condition, and whether the contact is corrosive, lubricated, or 

dry [162]. In different applications, friction has a negative and positive side. 

Whenever friction behavior is desired, clutches and brakes are instances of 

friction's positive side. In contrast, bearings and gears are examples when 

friction is unwanted [163, 164]. Because friction is usually connected with 

mechanical wear, controlling the degree of friction between the two bodies' 

contact surfaces is critical [127]. 

2.5.1.1 The Coefficient of Friction  

The friction coefficient (COF) is the most popular method to measure 

friction. COF is affected by multiple factors, such as structural changes, 

chemical changes, and topological changes, this factor change throughout the, 

mechanical wear process [162, 164]. The friction coefficient between any two 

surfaces that come into contact is measured using [162]: 

µ = 𝐹𝑡/ 𝐹𝑛                                                                                              2.7 

Where: Ft is the tangential force it is essential for two opposing bodies be 

moved if they are pushed relative to one another, and Fn denotes the intended 

moving body's normal load. 

2.5.1.2 Frictional components 

 Friction has two components: adhesive friction force (Fa) and 

deformation friction force (Fd), and both of them will take place throughout 

slipping [163,164,127]:  
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𝐹𝑡 = 𝐹𝑑 + 𝐹𝑎                                                                                                                                           2.8 

In which Ft denotes total frictional force, Fa is denotes adhesive friction force, 

and Fd denotes deformation friction force.                                                      

Roughness of the surfaces is an essential consideration for regulating 

friction processes (figure 2.17). Figure 2.17 shows that adhesive friction 

dominates at low roughness of the surface, whereas when the roughness of 

surfaces is significant, deformation friction predominate. Additionally, in an 

optimal roughness range, The friction is the lowest, grows below the optimal 

roughness range owing to improved adhesion of opposing smooth surfaces, and 

then rises beyond the optimal range of roughness because of an increasing in 

asperity deformation [163-165]. 

Figure 2.17. Roughness' effect on friction. [165] 

2.5.2 Wear phenomenon 

Wear is one of the most common types of material surface damage 

caused by the movement of two surfaces relative to one another. Wear causes 

material deterioration, which can result in the rate of material degradation, and 

failure. Is largely linked to environmental conditions and the surface of the two 

materials in touch [162, 127,165-167]. The following equation can be utilized 



Theoretical Part Chapter Two 

41 
 

to estimate the amount of missing or lost material throughout the wearing 

process [167]: 

𝑉/𝐿 = 𝐾 (𝐹𝑛/ 𝐻)                                                                                2 .9 

In which V denotes the volume loss throughout the wear test, K denotes the 

wear coefficient, L denotes the overall distance of sliding throughout the wear 

test, Fn denotes the normal applied load throughout the wear test, and H denotes 

the material's hardness. 

The preceding equation may be adjusted to compute the substance volume loss 

throughout the wear test per unit force and per unit distance, as shown below 

[167]: 

 

The dimensional wear coefficient is denoted by k′. (mm3N -1m-1) 

2.5.2.1 Wear Mechanisms 

Wear might be lubricated (wet wear) or non-lubricated (dry wear). To 

slow down the rate of wear lubricants are often utilized. On the other hand, 

wear, may be categorized depending on the material wear response 

mechanisms. The most common approaches, which include abrasive wear, 

corrosion wear, adhesive wear, and surface fatigue wear [127]. As shown in 

figure 2.18, welding (Micro-junctions) between two opposite surfaces during 

rubbing can cause adhesive wear. When a softer surface comes into contact and 

rubs with a hard surface, abrasive wear occurs. As a result, as seen in figure 

2.18, two or three bodies of abrasive wear can develop. In the 

system of abrasive wear for two opposite body, two rubbing components are 

engaged, but in the system of abrasive wear for three contact bodies, a hard 

particle is caught between the rubbing surfaces. Cracking (brittle fracture), 
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Ploughing, and cutting, can all cause abrasive wear. Figure 2.18 shows how 

when there is a cyclic loading during wear fatigue wear can occur. Rubbing 

surface corroded (oxidation) can accelerate corrosion wear when rubbing 

occurs in a corrosive environment [166]. 

Figure 2.18. Wear mechanism diagram [168] 

2.5.3 Lubrication 

  Lubrication is commonly utilised to minimize the friction along rubbing 

surfaces. The most often used kind of lubricant is oil or grease. Lubricants, on 

the other hand, can be solid or liquid [127,166,167]. According to one study, 

Lubricating liquid flow characteristics are closely connected to friction 

reduction during lubricated sliding. The following equation provides a measure 

of the likelihood and severity of lubricated sliding asperity contact λ [169]: 

λ = 𝑡𝑚𝑖𝑛 /𝜎 ∗                                                                                 2.12 

Where minimal layer thickness denoted by tmin and 𝜎∗ is the rubbing surface's 

root mean square surface roughness, this may be calculated using the following 

formula: 
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Where Rq1
2 is the initial surface's mean square surface roughness value, and 

Rq2
2 denotes the second surface's mean square surface roughness.  

The hydrodynamic lubrication regime is represented by a full separation of the 

rubbing surface by fluid, resulting in decreased wear and friction. The mixed 

elastrohydrodynamic lubrication regime is indicated by 1<λ˂3 when a There is 

a fluid layer between the rubbing surfaces, yet asperity contact occurs. When 1, 

generally coupled with slow sliding speeds or high loads, boundary lubrication 

occurs, that can cause significant surface damage [127, 166, 167]. 

The friction coefficient (COF) is proportional to the relative speed of the two 

surfaces (ω), the contact pressure inverse (P), and the lubricant viscosity (η), 

and can be computed using the equation below [169]: 

 

Stribeck's diagram (figure 2.19) depicts this relationship, with the value 

on the right-hand side of the lubrication parameter equation. The figure depicts 

three lubrication regimes: hydrodynamic lubrication, boundary lubrication, and 

mixed elastrohydrodynamic lubrication. Because of the enormous quantities of 

contacting surfaces during rubbing, the coefficient of friction in boundary 

lubrication varies slightly in relation to the lubrication parameter. When the 

lubrication parameter is increased, a fluid layer forms between the rubbing 

surfaces; as a result, surface contact distance was minimized, It is known as the 

mixed lubrication regime. In this regime, increasing the lubrication parameter 

leads to lowest friction factor, shown in figure 2.19. Although, as the 

lubrication parameter is increased further, Because of shear and fluid drag 

inside the lubricant, the coefficient of friction rises [167] 
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Figure 2.19. Stribeck's curve [167] 

2.5.4 Techniques for Tribological Testing and Characterization 

Generally, the tribometer can be used to monitor the test system's 

tribological response and the purpose of measuring the development of the 

friction coefficient is often to examine the tribological behavior of metallic 

biomaterials, varieties of methods are utilized, such as pin-on-disc, block on-

disc, and ball-on-disc (figure 2.20). At 37±2 ° C, simulated bodily fluid is 

utilized as surroundings in the tribological testing system to simulate actual or 

ambient circumstances.  However, dry sliding conditions are also used for 

tribological testing [7, 170-177]. Table 2-12 lists the benefits and drawbacks of 

numerous methods of wearing are employed in the system of tribological 

testing[178]. 
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Figure 2.20. Methods of wear testing are depicted in a flowchart [7]. 

Table 2-12 the benefits and drawbacks of different techniques of wear testing 

[178].

 

2.5.5 Tribology of Titanium Alloys 

Titanium alloys have been widely investigated in recent decades owing 

to titanium's unique mix of characteristics, which include high corrosion 

resistance, lightweight, biocompatibility, and good strength. However, 

published research on titanium's tribology reaction has found that the metal is 

unsuited for tribological uses [179, 180]. Throughout titanium's frictional 

response, more than one factor is at work. During tribology testing, the 

combined effect of lubrication ineffectiveness, electron configuration, and 

crystal structure are the primary contributing variables that cause in severe 
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adhesive wear and high wear rates (figure 2.21). In tribological applications, 

this combined effect leads in very unstable titanium friction [179, 181]. 

Figure 2.21 Materials factors influencing titanium's tribological 

performance[179]. 

Titanium alloys have increased their wear resistance under a variety of 

situations. In general, adding Nb to titanium alloys improves their wear 

resistance and raises their COF. The formation of Nb2O5 particles during the 

heat treatment of Nb-containing titanium alloys improves wear resistance. 

Coating and surface treatment are essential in improving titanium alloy wear 

and friction resistance. Abrasive wear was found to be the most common wear 

mechanism [7, 182, 177, 183-186].  

2.6 Literature Review: 

2.6.1 Literature Review about Corrosion 

The electrochemical behavior of Ti-alloys in various solutions has 

been widely studied. They discovered that the creation of a protective 

passive on the titanium alloys' surfaces significantly reduces the rate of 
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corrosion. They also discovered that the electrochemical behavior of 

titanium alloys that affected by the repassivation behavior after corroding. 

Alves et al. [187] shown that the resistance to corrosion of 

titanium alloys from β-phase type depends on the stability of protective 

layers. Therefore, they discovered that Ti–10Mo alloy primarily after the 

heat treatment process (solution heat treatment at 1000 °C in argon 

atmosphere) has obviously low passive current densities. 

Alves et al. [188] also studied the corrosion resistance of Ti–6Al–

4V and CP–Ti alloy at 25°C (Room temperature) and 37°C (body 

temperature) in simulated body fluid. They discovered that at 25°C, the 

corrosion resistance of Ti–6Al–4V and CP–Ti alloys is higher. As a result, 

temperature has a significant effect on the corrosion behavior of Ti–6Al–

4V and CP–Ti alloy. 

Kumar et al. [189] found that, CP–Ti, Ti–6Al–4V and Ti–15Mo 

alloy, all in Ringer’s solution have perfect corrosion resistance, however 

only the Ti–15Mo alloy exhibits an inert and stable oxide layer in fluoride 

solution.  High fluoride solution can be found in the body, for example, 

during dental cleaning. They also studied the corrosion behavior in the 

Ringer’s solution for CP–Ti, Ti–6Al–4V, and Ti–15Mo alloy, and they 

conclude that the passivation range for Ti–6Al–4V (155–1460 mV versus 

SCE), and CP–Ti (145–1522 mV versus SCE) is less than for Ti–15Mo 

alloy (166–2513 mV versus SCE). They compared Ti–15Mo alloy against 

Ti–6Al–4V alloy and CP–Ti alloy. Therefore, they concluded that Ti–

15Mo alloy has better corrosion resistance than the other.  

Bai et al. [190] study the corrosion performance in the simulated 

physiological environment between Ti–24Nb–4Zr–8Sn, CP–Ti, and Ti–

6Al–4V. Their results presented the Ti–24Nb–4Zr–8Sn alloy exhibits 

during the corrosion low current density when compared to CP–Ti and Ti–

6Al–4V alloys. Moreover, the Ti–24Nb–4Zr–8Sn has a wider passive area 

than CP–Ti and Ti–6Al–4V alloys. According to the formation of the stable 
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inactive, film mainly, because of the formation of niobium and titanium 

oxides on the surface. 

Bolate et al. [191] , this research presents three Ti-Mo alloys exposed 

to electrochemical tests in neutral and acidified Ringer's solution (pH3.1). Both 

the oxide films effectively protect the surface of these alloys in potential range 

(up to +1.00V vs SCE). Two layers of oxide films are formed, the outer layer 

was porous and the inner layer was compact. The inner compact oxide film has 

smaller corrosion resistance in the acidic environment. However, with 

increasing Mo content corrosion resistance increase. 

Simsek et al. [191], in this study, they used the Ti-6Al-4V and Ti-5Al-

2.5Fe alloys, and the electrochemical corrosion behavior of them was studied in 

simulated body fluid environment. They found that the α phase is the dominant 

phase in both alloys. According to the literature, they found that the Ti–6Al–4V 

alloy showed longitudinal pits along the grain boundaries, it has been 

considered that the reason for this is the dissolution of V-rich zones. Eventually, 

they concluded that the Ti-5Al-2.5Fe alloy has the higher corrosion 

resistance(the Icorr value of the Ti5Al2.5Fe alloy was measured to be 

18.24 mA/cm2, and the Icorr value of the Ti6Al4V alloy was measured to be 

43.58 mA/cm2). 

Wang et al. [193], they found that Ti–35Nb contains β phase 

dendrites and undissolved Nb particles. It can directly form an instant 

stable passive film oxide layer to protect its surface (chiefly consisting of 

TiO2 and Nb2O5). A heterogeneous structure is always caused by SLM-

produced Ti–35Nb utilizing mixed powder the use of the powder method, 

with Individual Nb grains. They found that the heat treatment in an Ar 

atmosphere at 1000 °C for 24 h seriously enhance the chemical 

homogeneity. Then, the treated SLM-Ti–35Nb has a greater corrosion 

potential than the SLM-produced Ti–35Nb)-0.46 V versus saturated 

Calomel electrode) and (-0.55 V versus SCE) respectively. 
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Chui et al. [194] used as-cast Ti–Zr–Nb– Mo alloys with varying 

Mo concentrations, to investigate the corrosion behavior. They found that 

when the ratio of molybdenum in the alloy increases, the grain size of the 

alloy will decrease, this is because the molybdenum content causes 

constitutional undercooling. In addition, the results showed that alloy 

containing Mo with 15% has lowest current density (2.31 ±0.03 µA cm2). 

Zareidoost et al. [195] used Ti–25Zr–10Nb–10Ta alloy and 

studied in the Ringer’s solution its corrosion resistance when adding 

separately Ag, Fe, and Sn they found that the best corrosion resistance 

obtained with Ag addition. The Ag addition leading to increase the 

formation of stability passive Ti–25Zr–10Nb–10Ta alloy surface, This is 

due to its more positive standard electrode potential(0.799 V)  compared to 

that of titanium (-0.98 V), for this reason, the Ti–25Zr–10Nb–10Ta–1.5Ag 

alloy is more corrosion resistant. 

Jawed et al. [196] studied the addition of Mn and Zr to Ti–Nb 

alloys which gave different microstructures. Clearly, the microstructures of 

Ti–Nb–Zr–Mn alloys β-type vary when the Zr and Mn concentrations 

change. In all Ti–Nb–Zr–Mn alloys the equiaxed β grains has appeared. Mn 

element is a functional and effective growth-restriction factor with Ti 

alloys. They found that the addition of molybdenum to the Ti–Nb–Zr–Mn 

alloy leads to a reduction in the grain size. However, the addition of Mn 

during solidification process causes a fast buildup of constitutional 

undercooling. Thus, the grains are refined because nucleation occurs prior 

to an approaching solid–liquid interface. In comparison, also the average 

grain size of Ti–Nb–Zr–Mn alloys grows as the Zr concentration increases.  

This leads to fine-grain strengthening effect, in addition to being a beta-

phase stabilizer, Zr element also serves as a β -stabilizer. The stability of 

the β -phase enhances, when the proportion of zirconium exceeds the 

required limit, remarkably. In addition, it will lower the (α + β)/ β phase 

transition temperature . 
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2.6.2 Literature Review about Wear 

Several recent research focusing on tribological phenomenon of 

different types of titanium alloys. Have found that friction coefficient and wear 

resistance have progressed in many situations. Repassivation and passivity of 

titanium alloys due to the production of an oxide layer formed while rubbing 

can have a significant influence on their tribological behavior. 

The production of Nb2O5 particles during heat treatment with Nb 

increases the wear resistance of titanium alloys. Furthermore, titanium alloys 

require surface treatment and coating to improve their friction and wear 

resistance. Abrasive wear was discovered to be the most common wear 

mechanism. In this light, one of the goals of the current research is to better 

understand the tribological behavior of various phases of titanium alloys in 

Ringers solution.  

Alam et al. [182], the authors utilized Ti-24Al-11Nb alloy of αʺ+β 

microstructure and Ti-6Al4V alloy, were subjected to dry sliding wear 

against hardened-steel counter bodies.  A pin-on-disc type apparatus was 

used with a normal load of 15-45N and sliding speed of 1.88 ms -1. While 

rubbing this Alloys have the capability to induce an adhesive oxide films, 

as a consequence of which wear resistance is increased. As a consequence, 

the rate of wear for αʺ+β Ti-24Al-11Nb alloy was around 48 times less than 

that of the α+β  Ti-6Al4V alloy at standard load 45N. 

Choubey et al. [197], in this research, they used Ti-13Nb-13Zr, 

Co-28Cr-6Mo, Ti-5Al-2.5Fe, Ti-6Al-4V and Cp-Ti alloys, to study the 

tribological behavior. The fretting experiments were carried out on 

candidate biometallic alloys against bearing steel at 10 N normal load for 

10,000 cycles with relative displacement stroke between the flat and ball 

set to 80 μm and the frequency at 10 Hz on a fretting (low amplitude 
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reciprocatory tangential sliding) wear tester. The tests were performed in 

Hank’s balanced salt solution to assess the performance of the materials in 

simulated body fluid (physiological) solution. As a result, they found that 

the lowest friction coefficient for Ti-5Al-2.5Fe alloy (0.3), while for other 

Ti-based alloys COF was in the range of (0.46–0.50). 

Chiba et al [198], in this research, they examined the effects of 

carbides and microstructures of biomedical Co-Cr-Mo alloy  (hereafter 

designated the forged CoCr alloy) and a high carbon cast CoCr alloy 

(hereafter designated the cast CoCr alloy), in hank solution on wear 

behavior. They using a pin-on-disk wear test with high carbon cast CoCr 

alloy. They found that Carbide precipitation in the coarse-grained structure 

of the cast CoCr alloy would account for the higher abrasive wear loss. The 

forged CoCr alloy, with no carbide and a refined grain size, which is more 

prone to strain-induced martensitic transformation, would exhibit excellent 

like-on-like wear resistance, mostly against surface fatigue wear, compared 

to the carbide-hardened cast CoCr alloy.  

Ramos Saenz et al. [199], this research looked at the compare 

between non-oxidized and oxidized Cp-Ti, Ti-6Al4V and -phase (Ti-

48Al-2Nb-2Cr) , using a custom made bone pin arrangement and by using a 

linear reciprocating wear testing machine under both dry and simulated 

biological conditions with Ringer's solution. As a result, the highest friction 

coefficient of the oxidized - phase TiAl alloy appeared(0.9). They also 

concluded that the oxidized -TiAl alloy having a smaller amount of wear 

volume than Cp-Ti and Ti-6Al-4V alloys(0.0071g with lubricant and 

0.01222g without lubricant). 

CvijovićAlagić et al. [171], they used αʹ+β Ti-13Nb-13Zr and α+β 

Ti-6Al-4V ELI alloys, and their study discovered tribological behavior 

under various heat treatments. The friction and wear tests were performed 

by using a block-on-disc tribometer in Ringer's solution at ambient 

temperature with a normal load of 20-60 N and sliding speed of 0.26-1.0 
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m/s. As a result, they discovered that under all heat treatment conditions, 

α+β Ti-6Al-4V alloy outperformed αʹ+β Ti-13Nb-13Zr alloy in terms of 

wear resistance. 

                  S.J.Li et al. [200], used Ti-Nb-Ta-Zr ꞵ_phase alloy with 

variation in Nb content improved by oxidation treatment, and compare this 

alloy with Ti-6Al-4V and stainless steel alloy, using a reciprocal pin-on-

disc wear device in a 0.9% NaCl solution. They noted that wear resistant 

increase with Nb content. Therefore, they found that the wear losses of 

both Ti–Nb–Ta–Zr and Ti–6Al–4V are much less compared with that 

sliding on stainless steel and there is almost no wear on the surface of 

oxided Ti–29Nb–13Ta–4.6Zr. The wear resistance of Ti–29Nb–13Ta–

4.6Zr improved significantly after oxidation treatment, due to the presence 

of Nb2O5 oxide particles on the diffusion hardened surface of the alloy.   

Fellah et al. [201], this paper presents the tribology behavior for 

total hip prosthesis of titanium alloys. In this study, the alloys utilized are 

Ti-6Al-4V and Ti-6Al-7Nb; both of them have α+β phase. These two 

alloys have been studied under different normal load (6 and 10N). 

Furthermore, the sliding speeds used are (1, 15 and 25m/s). As the result, 

both alloys displayed similar friction and wear performance. They found 

that there is no important variation in obtained with Ti-6Al-7Nb, but with 

Ti-6Al4V alloy coefficient of friction increased linearly when sliding speed 

increased. Generally, the addition of Nb to Ti alloys can increases the COF, 

and improve wear resistance for titanium alloys  

Lee et al. [202], their research displayed tribological behavior in 

Hanks solution of hot and warm-rolled Ti-13Nb-13Zr (β+α alloy), at 

temperature 37 °C. They came to the conclusion that there was no 

noticeable variance in resistance of wear between of them. Similarly, they 

indicated that for both alloys the friction coefficient of around (0.42-0.45).  

Hooyar Attar[203], this paper studies the wear for commercial 

titanium prepared by two methods by using casting and selective laser 
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melting (SLM). SEM test show that Cp-Ti products by SLM have a (α′) 

martensite structure, and cast Cp-Ti have a plate like (α) microstructure. At 

load of 15 N, wear surface of both alloy show in SEM test shallow 

ploughing grooves. It is observed that when the load is increased to 30N, 

very shallow ploughing grooves observed in SLM Cp-Ti compared with 

cast Cp-Ti, so SLM has better wear resistance because of the fine grain 

size, martensitic microstructure, and micro hardness.  

2.6.3 Literature Review about Elastic Modulus 

Hon et al. [204], this study trying to develop Ti-Nb alloys to 

approximate the value of its modulus of elasticity to the modulus of 

elasticity of human bone. The experimental results of a Ti-Nb alloy that 

contains 14 mass percentage Nb reveal that the microstructure consists of 

dominant α phase and β phases. As the Nb content increases, the proportion 

of the α phase decreases gradually, and when the Nb content exceeds 34 

mass%, then the microstructure becomes totally the β phase. As a result Ti-

Nb alloy with Nb content (above 36 mass %) is favored to use in medical 

implants, with reducing the stress shielding effect. They stated that the 

various phases like (ω, βand α) have varying elastic moduli. It was 

discovered that they were related by Eω= 2.0Eβ and Eα = 1.5Eβ.  

 

Moreover, Kim et al. [205] Ternary Ti–Nb–Si alloys consisting of 

biocompatible alloying elements have been produced to investigate the 

effect of alloying on microstructure and elastic modulus. It was found that 

Si has an effective role in suppressing the occurrence of ω-phase and 

decreasing the elastic modulus in the meta-stable β-phase region. Have 

reported that the metastable β phase has lower elastic modulus than stable β 

phase. 

Majumdar et al. [206] they used β titanium alloys and near β, and 

furthermore they measured the elastic modulus by ultrasonic and Nano-

https://www.sciencedirect.com/topics/physics-and-astronomy/modulus-of-elasticity
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indentation methods. The information gathered from ultrasonic and nano-

indentation techniques were analyzed and then compared with each other. 

They found the modulus of elastic for Ti–35Nb–5.7Ta–7.2Zr β-phase was 

half of that for Ti–13Zr–13Nb near β-phase alloy hot worked and then 

treated at 800 ◦C followed by water quenching plus it displayed low value 

of modulus of elasticity. The reliability of these techniques of elastic 

moduli calculation is being investigated in terms of microstructures of 

alloy.  

Wen-Fu Ho et al, [207] they studied the effect of molybdenum 

content (1-20 wt.%) on mechanical properties and microstructure of a Ti–

10Zr-based system, focusing on improving the strength/modulus ratio. In 

order to obtain the mechanical properties of the samples, a three-point 

bending test was carried out. Cast Ti–10Zr has α′ phase (hexagonal), when 

adding 1 wt. % Mo the structure remained essentially unchanged. However, 

with adding 3 or 5 wt. % Mo, the martensitic α″ structure was found. And 

when the molybdenum content is increased to 7.5 wt.% or greater, stability 

of the metastable β phase started. However, ω phase was detected only in 

Ti–10Zr–7.5Mo alloy. Ti–10Zr–5Mo alloy with α″-phase had the lowest 

elastic modulus among all Ti–10Zr-xMo alloys. As result, both of Ti–

10Zr–5Mo and Ti–10Zr–12.5Mo alloys showed greater bending 

strength/modulus ratios (20.1 and 20.4), respectively.  

 

Xu et al. [208], they created a novel β-titanium alloy Ti–5Mo–Fe–

3Sn with a high yield strength of 740 MPa and a low elastic modulus of 52 

GPa. The inclusion of Fe and Sn together inhibits the creation of the ω- 

type phase. In addition to insertion solid solution strengthening, this is the 

reason for these special properties of this alloy. Therefore, the selecting of 

the appropriate elements added to Ti alloys with β -type is helpful to 

controlling the mechanical properties for them.  
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2.6.4. Conclusion of The Peppers:  

 Corrosion resistance is affected by the temperature of the medium, at 

a temperature of 37°C the corrosion resistance is lower than at a 

temperature of 25°C.[188]. 

 Titanium alloys containing a ꞵ phase exhibit the lowest current 

density and therefore the lowest corrosion rate. [187,189,190,193]. 

 Mo has an effective role in corrosion resistance and stabilization of 

the ꞵ phase at (10-15% Mo), as well as for Nb and Zr [189-191, 193-

196]. 

 Heat treatment also has an effective effect in increasing the corrosion 

resistance (for example at a temperature of 1000°C for a period of 24 

hours the corrosion resistance of Ti-35Nb alloy with ꞵ phase)[193]. 

 The wear resistance of titanium alloys depends on the alloy 

components. Some ꞵ-phase titanium alloys exhibit low wear 

resistance[197,171].  While some titanium alloys with a ꞵ phase 

show high wear resistance[200].  Zirconium plays an important role 

in increasing the wear resistance of ꞵ-phase titanium alloys.[200] 

 Each phase has a different Young's modulus. ω phase shows the 

highest value of the Young's modulus, while ꞵ phase shows the 

lowest Young's modulus.[204] 
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Experimental Procedure 

 

3.1. General View: 

 This chapter deals with the main features of experimental 

procedures, which were required to achieve the aims of this investigation. 

This chapter presents the alloys compositions, methods, devices and tests 

used in this investigation. Thus including, alloys preparation, chemical 

composition using X-Ray fluoresce (XRF), microstructure investigation 

using optical microscopy OM, Field Emission Scanning Electron 

Microscopy FESEM, energy dispersive X-ray spectrometer (EDX), and X-

ray diffraction (XRD).  In addition, it presents the mechanical tests such as 

micro – Vickers hardness (Hv) and elastic modulus measurement. Finally, 

it presents in vitro tests conditions of electrochemical measurements and 

tribology test. Figure3.1 shows the summary of the overall experiments 

used in this investigation to give the reader an overview of everything that 

was used.     
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Figure 3.1: program of the present work  
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3.2. Used Alloys 

 In this investigation, five different titanium-based alloys Cp-Ti, Ti-

6Al-4V, Ti-15Mo, Ti-13Zr-13Nb and Ti-8Mo-4Nb- 2Zr were used. Cp-Ti, 

Ti-6Al-4V, Ti-15Mo, Ti-13Zr-13Nb rods were purchased from Tianjin 

Xinija Albert Steel Trade Co., Ltd, China. Ti-8Mo-4Nb-2Zr was prepared 

in mercury center (UK) as a part of work of Zuheir Talib Khulief [200]. 

The chemical compositions of the alloys used in this investigation except 

Ti-8Mo-4Nb-2Zr was analyzed using (XRF PW2404) Calibrate with 

Philips Analytical X-Ray B.V. standards with certificate of the secondary 

for the SEMIQ, at Iran/ Tehran/ Tarbiat Modarres University/ T.MU. 

Analytical Lab. The chemical composition of Ti-8Mo-4Nb-2Zr was 

analysed using PANalytical Zetium X-Ray Fluoresce (XRF). The chemical 

compositions of alloys used in this investigation are listed in table 3.1. 

 Ti-15Mo, Ti-13Zr-13Nb, and Ti-8Mo-4Nb-2Zr alloys were selected 

on the basis that these alloys provide β- titanium alloys (second generation) 

with a range of stabilities varied from metastable through to highly stable 

β-phase. Also, based upon investigation data for these alloys, which 

reported that these alloys are believed to be acceptable for biomedical 

applications [171, 189, 191, 197, 102, 906, 209]. The traditionally used Cp 

– Ti and Ti-6Al-4V (first generation) were selected in order to comparison.  

Table (3.1): Chemical compositions of titanium alloys used in this 

investigation. 

Alloy Alloying Elements wt.% ingot metallurgy 

parameters 
Mo Nb Zr Al V Ti 

Cp-Ti - - - - - 99.667 Casting and hot rolling 

Ti-6Al-4V4 - - - 6.133 2.973 Balance Casting and hot rolling 

Ti-15Mo 12.054   - - Balance Casting and hot rolling 

Ti- 13Zr-13Nb  12.561 11.266 - - Balance Casting and hot rolling 

Ti-8Mo-4Nb-2Zr 14.64 6.49 2.8 - - Balance Cold rolling + solution 

treatment 900 C for 2h 

+water quenched 
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3.3 Titanium Alloys Characterization 

 The procedures used for microstructure investigation, mechanical properties, 

electrochemical and tribological investigation are described in the following section. 

3.3.1 Microstructural Investigation 

 The microstructures of the titanium alloys used in this investigation 

were analyzed using optical microscopy (OM), X-Ray Diffraction (XRD), 

and Field Emission Scanning electron microscopy (FESEM). Before the 

microstructure investigation, alloys must be prepared in advance. The 

following is an explanation of how to prepare alloys for microstructure 

investigation. 

3.3.1.1 Alloys Preparation 

 The ultimate goal of alloys preparation is to have a flat, mirror-like 

surface that is free from scratches, to obtain an ideal alloy ready for 

microstructure investigation. The alloy must meet certain conditions, such 

as having the least deformation after being cut, the alloys should be free 

from scratches caused by grinding and polishing, finally the sample should 

have a flatness sufficient to allow highest magnification. All alloys except 

Ti-8Mo-4Nb-2Zr were cut into the desired shapes 20mm in diameter and 

3mm in thickness using wire cut machine. Ti-8Mo-4Nb-2Zr was cut into 

size of 20mm x 20mm x 3mm. Prior to OM, FESEM, XRD, micro-

hardness, elastic modulus, electrochemical and tribological tests the alloys 

were prepared in consistent with the standard metallographic techniques 

using the following steps:  

Grinding: At this stage, the cross-section of the alloys is grinded using fine 

grinding papers (SiC papers) and in the sequence from small numbers to 

the largest, from the coarsest to the softest (800, 1000, 1200, 1500, 2000, 

2500, 3000, 5000, 7000, 10000). A series of parallel and one-way scratches 

run through the alloys, and light pressure is applied to obtain a surface with 
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the fewest possible scratches and a flat surface in addition to using water 

for cooling. Grinding was performed by using a grinding-polishing 

machine type Buehler, Metaserv-200, 200-240V AC, 50HZ, and Made in 

UK. 

Polishing: The polishing stage is necessary in order to get rid of any 

scratches and be ready for the stage of etching and microscopy. The 

polishing cloth and diamond past type nature diamond with size 0.1 micron 

for 5 – 10 min.  were used. After using the diamond paste, it is preferable to 

use water only with a cloth to obtain a shinier surface, using a grinding-

polishing device and cooling with distilled water free of chlorine and 

continuous drying to avoid the formation of oxide layers. After finishing 

the polishing process, the alloys are stored in boxes containing moisture 

absorbent materials. 

Etching: The alloys were etched according to ASTM (E407-07) standard 

using (10 ml HF + 5ml HNO3+85 distilled water) for 15-20 sec. After the 

end of the immersion period, it must be stopped immediately by washing 

the sample with distilled water, after that it is sprayed with alcohol and 

finally dried with an air dryer to be ready for examination of the 

microstructure. Between each step, the alloys were washed with water, 

flushed with isopropanol and dried with an electric dryer.  

3.3.1.2 X-Ray Diffraction Analysis (XRD) 

 The phase’s constitutions of all titanium alloys used in this 

investigation were performed before electrochemical and tribological tests 

at room temperature.  XRD instrument type a SHIMADZU Lab XRD-600, 

Japan, with Cu Kα, with wavelength (λ= 1.54060 Å). The test conditions 

were, radiation range of (2θ = 0° to 80°), an accelerating voltage of 40 Kv, 

an electrical current of 30 mA, with 0.02 step size and 0.17s dwell time. 

The XRD was used in order to determine the phase constitution of alloys 

used at room temperature by compared it with standard charts. XRD tests 
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was done at laboratories of the Ceramic Department – College of Materials 

Engineering, University of Babylon.  

3.3.1.3 Optical Microscopy Analysis (OM) 

 The microstructures of the Ti-alloys used in this investigation was 

tests using optical microscopy in order to identify the existing phase and 

see the shape and size of the grains after grinding, polishing and etched in a 

solution. This test was done at specimen’s preparation laboratory, using an 

optical microscope type (BEL PHOTONICS), located in the laboratory of 

thermal transactions in the laboratories of the Metallurgical Department – 

College of Materials Engineering University of Babylon. 

3.3.1.4 Field Emission Scanning Electron Microscopy 

(FESEM) 

 The FESEM and EDX analysis was undertaken using a (ƩIGMA, 

JSM-7610F, Carl Zeiss, mead in DE) equipped with an Energy Instruments 

Dispersive X-ray spectrometer (EDX). The FESEM and EDX were done at 

Iran/ Tehran/ Eria Electron Lap. 

3.3.2 Mechanical Properties 

3.3.2.1 Micro-Hardness Test 

 The micro-hardness measurements were implemented by three 

point measurements with a 100g load for 20s holding time according to 

ASTM (E92-17) standard. The test was done using the TH-717, Digital 

Micro Vickers Hardness Tester at the Metallurgical Department – College 

of Materials Engineering University of Babylon. The hardness was 

recorded as an average of three reading for each alloy.  

3.3.2.2 Elastic Modulus by Ultrasound Technique 

The elastic modulus of all titanium alloys samples used in this 

investigation was measured using ultrasound technique, and the sample 
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dimension was (3cm*2cm). A (cut-4) device, located in the Department of 

Polymer Engineering / College of Materials Engineering / University of 

Babylon, was used.  

 To calculate elastic modulus (E) of titanium alloys used in this 

investigation, the following equations were used [209]. 

                               𝐸 =
𝜌𝑉𝑆

2  (3𝑉𝐿
2 − 4𝑉𝑆

2 ) 

𝑉𝐿
2 − 𝑉𝑆

2                                               3−1 

Where: 𝐸 = Youngs modulus of alloy, 𝜌 = density of alloys 𝑉𝐿 = 

longitudinal ultrasonic wave velocity, 𝑉𝑆 = shear ultrasonic wave velocity.  

To calculate 𝑉𝐿 and 𝑉𝑆, equations 3.2 and 3.3 were used [209].  

                               𝑉𝐿 =2𝑙/𝑡𝐿                                                      3-2  

                               𝑉𝑆 =2𝑙/𝑡𝑆                                                      3-3  

Where: 𝑡𝐿 = longitudinal ultrasonic wave transit time, 𝑡𝑆 = shear 

ultrasonic wave transit time, 𝑙= the thickness of the samples. 

 

3.3.3 In Vitro Tests  

 3.3.3.1 Electrochemical Test 

3.3.3.1.2 Electrochemical Media 

 In the present investigation, Ringers solution was selected as an 

electrochemical electrolyte for electrochemical test with pH 5.0 – 7.5. The 

chemical compositions of Ringer solution used in this investigation is listed 

in table 3.2 (The compositions were taken from the plastic containers of 

intravenous solutions).  

 



Experimental Procedure Chapter Three 

63 
 

 

Figer3.2: Chemical Compositions of Ringer Solution (Taken from the 

plastic containers of intravenous solutions) 

 

3.3.3.1.3 Electrochemical Test 

3.3.3.1.3.1 Open Circuit Potential (OCP) Measurement 

 During this test, free corrosion potential was measured. The 

electrolyte used for OCP was 100 ml of Ringer solution, with all the 

experiments conducted at 37±1°C and open to the air. The alloys used in 

this investigation were used as the working electrode. The test was carried 

out with the alloys immersed in ringer solution. Through the standard 

calomel electrode (SCE), the working electrode potential can be measured. 

A voltmeter is connected between the working electrode (the sample to be 

examined) and the reference electrode. Time spent for each alloy from (0 
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up to 300min) OCP measurements perform. The first voltage value was 

calculated immediately after immersion after it was established. Following 

voltage values were calculated for every five minutes. The test was stop 

when create a steady state condition with the Ringer solution (300 min). 

The tests of OCP was done at Metallurgical Department – College of 

Materials Engineering University of Babylon. 

3.3.3.1.3.2 Potentiodynamic Measurements 

 Potentiodynamic polarization measurements was carried out using a 

potentiostat type WENKING M lap. The potential dynamic tests were 

measured in an electrochemical cell known as a three - electrodes cell. The 

cell consisting of a platinum electrode used as the counter electrode (CE), 

standard calomel electrode (SCE) as reference electrode (RE), and the 

alloys used in this investigation were used as the working electrode (WE) 

According to the American Society for Testing and Materials (ASTM). For 

all measurements the electrolyte used for potential dynamic measurements 

was 100 ml of Ringer solution, with all the experiments conducted at 

37±1°C and open to the air. The test was done with ± 0.25V vs OCP at a 

sweep rate of 0.4 mV/s, and the exposed areas were 3.14 cm2. All 

electrochemical parameters of titanium alloys used in this investigation 

including corrosion current (Icorr), corrosion potential (Ecorr), cathodic slope, 

and anodic slope were estimated from potentiodynamic curves by Tafel 

plots methods.  

The following equation can used to calculate the rate of corrosion [210]:  

Corrosion rate(mpy) =
0.13 𝐼𝑐𝑜𝑟𝑟 𝐸.𝑊

𝐴𝜌
                                            (3. 5)  

 Where, mpy = corrosion rate (mils per year). Icorr= corrosion current 

in across section area, get it from the potentiodynamic polarization test 

(μA/ m²), E.W= equivalent weight for alloy elements (g/eq.), A= the 
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surface area exposed to the corrosion media (Cm2), 𝜌= density of the alloy 

(g/cm³) as for the number 0.13, it means metric and time conversion factor.  

 The tests of Potentiodynamic polarization was done at Metallurgical 

Department – College of Materials Engineering University of Babylon. 

3.3.3.1.4 Metals Ions Release Test 

  The tests were carried out according to JIS T- 0304 standard for 

metals implant [201]. For all measurements, the electrolyte used for metals 

ions release was 100 ml of Ringer solution. All the experiments conducted 

at 37±1°C and open to the air. All alloys were immersed in a plastic 

containers with Ringer solution for one month in the incubator (Specimens 

are immersed in small containers, where these containers are immersed in 

controlled water temperatures 37˚C (±1). The tests was done by Analytika 

jena NOV 350 AA made in germany 2012, located at Ibn Sina Company 

(Baghdad/ Iraq).  

3.3.3.1.5 Tribology Test 

The wet wear tests of all titanium alloys under investigation at 37°C 

were performed on ball on disk MT 400 version 10, and the ball used is 

made of zirconia. The normal loads in the wet wear tests were 10 and 20 N 

for 1h [88, 202-204]. During the tests the friction coefficient (COF) and the 

sliding time were automatically recorded by the machine.  Before starting 

the tests, all titanium alloys under investigation were weighed using a 

sensitive balance (0.0001). Then after 1h, the specimen test was weighed 

using the same balance. The test was done according to ASTM G99 [214], 

and the volume loss was calculated using the following equation [209].   

Volume loss = 
𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠 (𝑔)

𝜌(
𝑔

𝑐𝑚3
)

   … (3-6)                  

Where :  

Weight loss (g) is the weight loss after 1h. 

ρ (g/cm3) is the density of titanium alloy under investigation.      
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The tests was carried out in the Department of Metallurgy 

Engineering / College of Materials Engineering / University of Babylon. 

3.3.4.1 Wear Track Analysis 

3.3.4.1.1 Worn Surface Characterization  

In order to fully understand the wear behavior of the titanium alloys 

under investigation, the characterization of the worn track surface is very 

important. In this investigation, the worn surface of the wear track was 

investigated using various surface characterization technique, for examples, 

optical microscopy and roughness calculation .  

3.3.4.1.1.1 Optical Microscopy Analysis   

Surface morphology of the wear track of all titanium alloys under 

investigation was analyses using optical microscopy (OM) analysis. We 

used the same technique in 3.3.1.3.   

3.3.4.1.1.2 Surface Roughness Calculation. 

The surface roughness tester type HSR210 was used to evaluate the 

worn surface of the wear track of all samples of titanium alloys under 

investigation, located in the Laboratories of the Metallurgical Department, 

College of Materials - University of Babylon. The roughness measurement 

was implemented by three reading at diffrent points along specimen. The 

roughness was recorded as an average of three reading for each alloy. 
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Result and Discussions 

4.1. General View: 

In this chapter, the results obtained in each parts of this investigation 

will be presented and followed by discussion of results. The results of 

alloys characterization including, optical microscopy, Filed Emission 

scanning electron microscopy, and X-ray diffraction, mechanical testing 

(elastic modulus and micro – hardness) results will be discussed. The 

results of electrochemical behavior of titanium alloys used in this 

investigation including open circuit potential, potentiodynamic and ion 

release will be discussed. The results of tribological behavior of titanium 

alloys used in this investigation including lubricated sliding friction, wear 

track characteristics (optical microscopy and roughness), and total removed 

wear volume will be discussed.     

4.2. Microstructure and Phase Constitution of Titanium 

Alloys used in this Investigation 

Optical images of typical microstructure of titanium alloys used in 

this investigation are shown in figure 4.1. The Filed Emission Scanning 

Electron Microscope FESEM of titanium alloys used in this investigation 

are shown in figure 4.2. The FESEM images and EDX results of titanium 

alloys are shown in figures 4.3 through to 4.6. The microstructures of Cp-

Ti and Ti-6Al-4Vwere single α- phase and (α+β) respectively as expected. 

These results were confirmed by XRD results as can see in figures 4.7 and 

4.8 respectively. The microstructure of Ti-13Nb-13Zr and Ti-15Mo 

consisted of two phases, α-phase and β-phase as you can see in figure 1.4. 

However, the microstructure of Ti-13Nb-13Zr were predominantly the β- 

phase with an equiaxed grain structure, with α- phase was observed in 

some region, these alloys known as (Rich β). While, the microstructure of 



Result and Discussions Chapter Four 

68 
 

Ti-15Mo also was predominantly β-phase as fine grained with a small 

amount of α-phase in some region, these kind of alloys known as 

metastable β. The presence of α-phase in both alloys was confirmed by 

XRD results as can see in figures 4.9 and 4.10. The microstructure of Ti-

8Mo-4Nb-2Zr consisted of single-phase β with equiaxed grains, with no 

evidence of second phases, confirmed by XRD results figure 4.11.  

Figure (1.4): OM micrographs showing microstructure of titanium alloys 

samples utilized in this investigation 
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Figure 4.2 FESEM pictures of the titanium alloys samples utilised 
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Element Wt% Al% K-Ratio Z A F 
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84.39 

100.00 

15.61 
84.39 

100.00 

0.1551 
0.8439 

1.0000 
1.0000 

1.0000 
1.0000 

1.0000 
1.0000 

Element Net Inte. Bkqd Inte. Inte. Error P/D 
TiL 

TiK 

3.30 

178.75 

1.70 

2.86 

7.87 

0.76 

1.95 

62.52 

Figure (4.3): FESEM+EDS for Cp-Ti 
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ZrK 
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12.55 
8.35 
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0.5433 

1.0213 
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0.9354 

1.0243 
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1.0513 
0.9058 
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1.0000 

1.0013 
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TiL 
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NbL 
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4.49 
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177.11 

0.30 
3.51 

4.13 

2.71 

4.72 
2.44 

2.60 

0.72 

14.97 
5.69 

4.53 

65.25 

Figure (4.4): FESEM+EDS for Ti-13Zr-13Nb. 
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Figure (4.5): FESEM+EDS for Ti-6Al-4V 
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Figures (4.6): FESEM+EDS for Ti-15Mo. 
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 Figure (4.7): X-ray diffraction(XRD) peaks of Cp-Ti alloy 

 Figure (4.8). X-ray diffraction peaks of Ti-6Al-4V alloy. 

 Figure (4.9): X-ray diffraction(XRD) peaks of Ti-13Zr-13Nb alloy 
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 Figure 4.10): X-ray diffraction(XRD) peaks of Ti-15Mo alloy 

 Figure (4.11): X-ray diffraction peaks of Ti-8Mo-4Nb-2Zr alloy. 

 

4.3. Mechanical Characterization  

4.3.1. Modulus of Elasticity  

The elastic modulus of titanium alloys used in this investigation are 

listed in table 4.1. The secound generation β-microstracture Ti-8Mo-4Nb-

2Zr alloy had the lowest elastic modulus of (102GPa). The first generation 

Ti-6Al-4V had the higher elastic modulus of (150GPa). All β-microstacture 

alloys used in this investigation rich – β Ti-13Zr-13Nb (112GPa) and 

metastable β Ti-15Mo (110GPa) showed an elastic modulus lower than that 

of α-microstracture Cp-Ti (136GPa) and the first generation Ti-6Al-4V 

alloy (150GPa). It was reported that the elastic modulus of α- phase is 
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higher than β- phase, Eα = 1.5Eβ [215]. Also it was reported that the order 

of elastic modulus are ω>α>αʺ>β [215-217]. There fore we can explain our 

results depend on the fact each phase has a different elastic modulus, and β-

phase has lower elastic modulus compared with other phases, α-phase in 

our investigation. Therfore, the first generation Ti-6Al-4V alloy and Cp-Ti 

alloy had the higher elastic modulus because of the α-phase structure, 

which is single phase in Cp-Ti and a higher volume fraction of α-phase 

compared with β-phase in the first generation Ti-6Al-4Valloy. All β-

microstacture alloys used in this investigation had lower elastic modulus 

because of the β-phase structure, which is single β-phase in the secound 

generation Ti-8Mo-4Nb-2Zr and a higher volume fraction of the β-phase in 

the rich –β Ti-13Zr-13Nb and metastable β Ti-15Mo alloys. 

 

Table (4.1): Estimation Ultrasonic Elastic Modulus 

Alloy Phase 

Constituents  

Elastic Modulus 

E (GPa) 

Cp-Ti α 150  

Ti6Al-4V α+β 136 

Ti-13Zr-13Nb Rich β 112  

Ti-15Mo Metastable β 110  

Ti-8Mo-4Nb-2Zr β 102  

4.3.2. Vickers Micro-Hardness  

The average Vickers micro-hardness values of titanium alloys used 

in this study are listed in table 4.2. Ti-8Mo-4Nb-2Zr with single β-phase 

microstructure alloy had average Vickers micro-hardness values higher 

than Cp-Ti with α-phase microstructure, Ti-6Al-4V with α +β phase, Ti-

13Zr-13Nb (Rich β-phase) and Ti-15MO (metastable β). Cp-Ti with α-

phase microstructure had lower Vickers micro-hardness values compared 

with other titanium alloys used in this study. Ti-13Zr-13Nb (Rich β-phase) 
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and Ti-15MO (metastable β) had average Vickers micro-hardness values 

higher than Cp-Ti with α-phase microstructure and close to the Ti-6Al-4V 

with α +β phase. The increase in micro-hardness values of Ti -8Mo-4Nb-

2Zr with single β-phase microstructure alloy compared to others could be 

related to the mechanism of solid solution strengthen of Ti with the 

addition of Mo, Nb, and Zr. It has been documented in the literature that 

Mo, Zr and Nb are stabilize the β-phase, which lead to solid solution 

strengthening, thus leading to increase the hardness. These results are in 

accordance with previous investigation by [218-221]. 

Table (4.2): Average Vickers-hardness of titanium alloys samples utilized. 

Alloy Phase Constituents Vickers Hardness 

Cp-Ti α 135 Hv 

Ti-6Al-4V α+ꞵ 258 Hv 

Ti-13Zr-13Nb  Rich ꞵ 260 Hv 

Ti-15Mo Metastable ꞵ 257 Hv 

Ti-8Mo-4Nb-2Zr ꞵ 264 Hv 

 

4.4 In Vitro Tests  

 4.4.1 Electrochemical Test  

4.4.1.1 Open Circuit Potential (OCP) and Potentiodynamic 

Polarization 

The time profile of the OCP of titanium alloys used in this 

investigation are presented in figure 4.12. Average values of OCP are listed 

in table 4.3. By comparing the OCP values of titanium alloys used in this 

investigation, it can be observed that the the secound generation β-

microstracture Ti-8Mo-4Nb-2Zr alloy had the most positive value than the 
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other alloys. While, the Cp-Ti α-phase and the first generation Ti-6Al-4V 

(α+β) phase had the most negative value (-70 mV and -77 mV) 

respectively. The potentiodynamic curves of all titanium alloys used in this 

study are presented in figure 4.13.  The corrosion rate of all titanium alloys 

used in this investigation are listed in table 4.3. All titanium alloys with 

different microstructure (α, α+β, β+α, and β) show the similar corrosion 

behavior. However, different corrosion rate obtain depended on the 

microstructure of titanium alloy (α, α+β, β+α, or β). It can be seen that the 

secound generation β-microstracture Ti-8Mo-4Nb-2Zr alloy had lower 

corrosion rate compared to other titanium alloys used in this investigation. 

While, Cp-Ti α-phase had the higher corrosion rate than other titanium 

alloys. These results indicated the positive contribution of Nb, Mo, and Zr 

alloying elements in the corrosion behavior of β- phase titanium alloys. The 

presence of oxides of the alloying elements (Nb, Zr) in the the secound 

generation β-microstracture Ti-8Mo-4Nb-2Zr alloy, may play a key role for 

improving the corrosion resistance. It was reported that the 

therrmodynamic stability of the TiO2 can be improved by Nb2O5 [155]. 

Also, improve the resistance of titanium oxide to chemical dissolution by 

ZrO2 [155]. Furthermore, it was reported that the alloys with single phase 

for example β-phase have more corrosion resistance of alloys with two 

phases for example (α +β) phases. The same results was reported by [222]. 
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Figure 4.12: O.C.P for Titanium Alloys used in this investigation 

Table (4.3): The average OCP values of titanium alloys used in this 

investigation  

Alloy Phase 

Constituents 

OCP (mV) 

Cp-Ti α -77 mV 

Ti-6Al-4V α+β -70 mV 

Ti-13Zr-13Nb Rich β -30 mV 

Ti-15Mo Metastable β -30 mV 

Ti-8Mo-4Nb-2Zr β -29 mV 
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Figure4.13 Potentiodynamic Polarization for Titanium Alloys samples 

utilized in this investigation 

Table 4.4: The rate of corrosion of titanium alloys samples utilized in this 

investigation 

Alloy Phase 

Constituents 

 corrI

(nA) 

Equivalent 

weight E.W 

(g/mol) 

Density 

)3(g/cm 

Corrosion 

Rate (mpy) 

Cp-Ti α 265.13 23.9335 4.515 9-57.96*10 

Ti-6Al-4V α+β 99.61 23.0986 4.419 9-21.55*10 

Ti-13Zr-13Nb Rich β 91.20 29.67926 4.520 9-25.35*10 

Ti-15Mo Metastable β 57.39 27.54047 4.4171 9-14.81*10 

Ti-8Mo-4Nb-2Zr β 22.71 27.19157 5.12 9-6.124*10 

 

4.4.1.2 Ion Release 

The ion release was carried out for the elements Ti, Al, V, Zr, Nb, 

and Mo in Cp-Ti, Ti-6Al-4V, Ti-13Zr-13Nb, Ti-15Mo alloys using static 

immersion methods in Ringers solution for 30 days. Where the percentage 

of titanium ions released in Ringer's solution of was calculated from 
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commercial titanium alloy.  The ions released of aluminum and vanadium 

elements were calculated from Ti-6Al– 4V alloy.  In addition, ions released 

of zirconium and niobium were calculated from Ti-13Zr-13Nb alloy, and 

released molybdenum ions calculated from Ti-15Mo alloy. This alloy was 

taken for this examination because they are rich in these elements unlike 

the Ti-Mo-Nb-Zr alloy. The results of metals ion release in Ringers 

solution for 30 days are listed in table 4.5. We can observed from the table 

4.5, molybdenum ions are release fewer than other elements ion (Ti, Al, V, 

Nb, and Zr) used in this investigation. In addition, it is possible to observe 

from the table 4.5, the titanium and zirconium ions more released in the 

Ringer solution as compared with the release of other elements ion used in 

this investigation (Mo, V and Nb). These results indicated that the second 

generation titanium alloy with Mo has a good corrosion resistance, with a 

good agrrement with the results of electrochemical tests OCP and 

potentiodynamic polarization. 

Table (4.5): Ion Release of Titanium Alloys samples utilized in this 

investigation 

 

5.4 . Tribological Behaviors 

4.5.1. Lubricated sliding friction 

The variation in the coefficient of friction (COF)of titanium alloys 

samples used in this investigation as a function of test time in Ringer 
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solution at a normal loads of 10 and 20 N under lubricated rubbing 

condition are shown in figures 4.14 through to 4.18 and 4.19 through to 

4.23 respectively. The avarage COF values of titanium alloys samples used 

in this investigation at a normal loads of 10 and 20 N in lubricated 

conditions are listed in table 4.6. Under both normal loads 10 and 20 N, and 

for all titanium alloys used in this investigation, the COF as a function of 

time could be divided into more than one zone. There are three main 

friction zone, the first zone run – in period zone, depasivation zone, and 

repasivation zone. However, the number of friction zone depended on the 

titanium alloys composition and structure (α, α+β, rich β, metastable β, or 

β). Before start rubbing, the titanium alloys were in contact with the Ringer 

solution, it would be expected that the titanium oxide film would generate 

on the surface of all samples used in this investigation, and the compostion 

of oxide film depended on the compostion of titanium alloys samples. 

During the first zone I run-in period, rubbing was started and the oxide film 

breack up due to the mechanical contact between the counter face and the 

surface of samples used in this investigation. During the first zone, the 

COF has the maximmum value and then decreases before reaching the 

steady state. Howeve, the time requied to reach the stadey state of COF is 

depended on the  titanium alloys composition and stracture (α, α+β, rich β, 

metastable β, or β). In the second zone II, during rubbing the COF increase, 

thus, could be related to the depassivation mechanism, which leading to 

remove the the oxide film in the contact zone during rubbing and exposing 

the fresh surface of titanium alloys used in this investigation to the Ringer 

solution. As rubbing continued, zone III, the COF reach the steady state 

indicating occurrence of repassavation and the passive state regained. The 

behaviour between zone II and zone III could related to the dynamic 

equilibrium betwwen recoverable the oxide and removal of oxide film 

(depasavation and repassivation). The three main zones can clearlly seen in 

figures(4.14 - 4.19).   
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For both normal loads, the curves of friction for the Cp-Ti α- 

microstructure alloy and the secound generation β-microstracture Ti-8Mo-

4Nb-2Zr alloy were smother than those of the first generation Ti-6Al-4V 

α+β microstracture, rich β Ti-13Nb-13Zr, and metastable β Ti-15Mo  

alloys. At normal load of  10 N, the COF of the first generation Ti-6Al-4V 

α+β microstracture  had higher fluctuation than  the Cp-Ti α- 

microstructure alloy,  rich β Ti-13Nb-13Zr, metastable β Ti-15Mo alloys 

and  the secound generation β-microstracture Ti-8Mo-4Nb-2Zr alloy. 

While, at normal load of  20 N, rich β Ti-13Nb-13Zr had higher fluctuation 

than others used in this investigation. The higher COF was obtained from 

the secound generation β-microstracture Ti-8Mo-4Nb-2Zr alloy of 0.5 and 

0.59 at normal loads of 10 and 20 N respectively as you can seen in table 

4.7. The higher COF of the secound generation β-microstracture Ti-8Mo-

4Nb-2Zr alloy may be related to the wear debris result from the remove of 

the passive oxide film and metal during rubbing, leading to interaction 

between the wear debris, thus the friction force will increase as a result of 

an increase in the ploughing action. The microstacture of the secound 

generation β-microstracture Ti-8Mo-4Nb-2Zr alloy also has influnce in the 

friction behaviour, it was reported that the BCC stracture shows COF 

higher than that of a hexagonal crystal structure [179].  The chemical 

constituents of the passive oxide film also has influnce in the  friction 

behaviour of the titanium alloy samples used in this investigation[223]. In 

the secound generation β-microstracture Ti-8Mo-4Nb-2Zr alloy, the 

formation of the oxide including TiO2, MoO3, Nb2O2, and ZrO2 is 

expected[155], therefore, the higher COF may be related to remove the 

oxide during rubbing leading to the interaction of wear debris durring the 

wear test [224]. 
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 Figure (4.14): Lubricated sliding friction for CP-Ti alloy at 10N. 

 

Figure (4.15): Lubricated sliding friction for Ti-Al6-V4Alloy at 10N. 
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Figure (4.16): Lubricated sliding friction for Ti-13Zr-13Nb Alloy at 10N. 

 

Figure (4.17): Lubricated sliding friction for Ti-15Mo Alloy at 10N. 
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Figure (4.18): Lubricated sliding friction for Ti-8Mo-4Nb-2Zr Alloys at 

10N. 

 

Figure (4.19): Lubricated sliding friction for Cp-Ti alloy at 20N. 
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Figure (4.20): Lubricated sliding friction for Ti64 Alloy at 20N. 

 

 Figure (4.21): Lubricated sliding friction for Ti-13Zr-13Nb at 20N. 
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 Figure (4.22): Lubricated sliding friction for Ti-15Mo Alloy at 20N. 

 

 

 

Figure (4.23): Lubricated sliding friction for Ti-8Mo-4Nb-2Zr Alloy at 

20N. 
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Table (4.6): Average coefficient of friction of titanium alloys  samples 

utilized in this investigation. 

 

4.5.2. Wear Track Morphology and Roughness 

Figures 4.24 and 4.25 display  optical images of wear tracks 

and lines on titanium alloys used in this investigation and on the zirconia 

ball at 10 and 20N normal loads, respectively. The average surface 

roughness of titanium alloys samples used in this investigation at normal 

loads of 10 and 20N are listed in table 4.7. There are evidence of isolated 

debris particles, scratching and grooves developed on the worn track's 

surface. It is interesting to note that, on the surface of the β-microstracture 

Ti-8Mo-4Nb-2Zr, a light grey layer and tiny black spots appeared (see 

figure 4.24 highlighted with red arrow ), these need more investigation. No 

evidence of crack was observed on the wear track of the all samples used in 

this investigation. With increase the load from 10N to 20N, the wear track 

shows deep scratching, increase the number of debris particles and 

extensive deformation with grooves were observed inside the wear track. 

These results are in a good agreement with what reported by [225,184]. 

Equally, no evidence of transfer from all titanium alloys used in this 

investigation to the zirconia ball surface, and transfer to the zirconia ball 

surface from all titanium alloys  samples surface used in this investigation 

during rubbing at normal loads of 10 and 20N (see figures 4.24 and 4.25). 

The mechanisms of wear for all titanium alloys samples under rubbing at 
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normal loads of 10 and 20N were primarily related to abrasive ploughing 

wear.  

It can see from the table 4.7, the the secound generation β-

microstracture Ti-8Mo-4Nb-2Zr alloy had higher average roughnees at 

normal loads of 10 and 20N. Thus, might related to that the β-

microstracture Ti-8Mo-4Nb-2Zr alloy had higher COF at normal loads of 

10 and 20N of 0.5 (see table 4.7). No surprising that, the average roughness 

of the Cp-Ti and the first generation Ti-6Al-4V alloy increased with 

increase the load from 10 to 20N. The increase in roughness with load 

indicates that the Cp-Ti and the first generation Ti-6Al-4V alloy suffering 

from more extensive surface plastic deformation, as well as deep scratches 

and grooves on a large scale with increase the load from 10 to 20N. It is 

interesting to note that the average roughness of the β-microstracture Ti-

8Mo-4Nb-2Zr, rich β Ti-13Zr-13Nb and metastable β Ti-15Mo decrease 

with load. According to these results, the β-microstracture alloys can 

recover there passivity and decrease the roughness with increase load 20N 

in this investigation. However, the secound generation β-microstracture are 

more suffring from wear at 10 N.    
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Figure (4.24): Wear Track for Titanium Alloys and the ball used in this 

investigation at 10N. 

 

Figure (4.25): Wear Track for Titanium Alloys and the ball used in this 

investigation at 20N. 
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Table (4.7): Average roughness of the wear track of titanium alloys used in 

this investigation 

Alloy  Phase 

Constituents 

Average Roughness 

at 10N (μm) 

Average Roughness  

at 20N (μm) 

CP-Ti α 0.505  1.083  

Ti-6Al-4V α +β 0.119  0.763  

Ti-13Zr-13Nb Rich - β 0.975  0.194  

Ti-15Mo Metastable - β 1.585  0.669  

Ti-8Mo-4Nb-2Zr β 2.030  1.715  

4.5.3. Total Removed wear volume  

The total volume removed due to wear of the titanium alloys samples 

used in this investigation after the wear tests are shown in the table 4.8. As 

you can see from the table 4.8, the total removed wear volume was 

relatively insensitive to the normal applied loads during the wear tests. All 

titanium alloys Cp-Ti, the first generation titanium alloy Ti-6Al-4V, rich – 

β Ti-13Zr-13Nb, and metastable – β Ti-15Mo exhibit an increase in the 

total removed wear volume with load. In contrast, the secound generation 

β-microstracture Ti-8Mo-4Nb-2Zr alloy exhibte decrease in total removed 

volume with load. The smallest removed wear volume was obtained with 

the first generating titanium alloy Ti-6Al-4V (see table 4.8) at normal load 

of 10N, while, the second generation β-microstracture Ti-8Mo-4Nb-2Zr 

showed the smallest total removed wear volume at normal load of 20N.  

The secound generation β-microstracture Ti-8Mo-4Nb-2Zr showed the 

highest total removed wear volume at normal load of 10N, while, the Cp-Ti 

α – microstracture alloy had the highest total removed wear volume at 

normal load of 20N.  

At higher loads, 20 N in this investigation, the wear behaviour (total 

removed wear volume ) could be explanied by the influnce of the 
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mechanical characteristics, such as hardness (H) and elastic modulus (E). It 

was reported that the wear ressistance may be better investigated using the 

ration between hardness and elastic modules H/E or H3/E2 instead of 

relying only on hardness [226]. The alloy has a good wear resistance with 

higher values of H/E or H3/E2. In this investigation, the maximam value of 

H/E ratio was about 2.5 for the secound generation β-microstracture Ti-

8Mo-4Nb-2Zr, follwed by metastable – β Ti-15Mo and rich – β Ti-13Zr-

13Nb with ratio of 2.3. Cp-Ti α – microstructure and first generation Ti-

6Al-4V α+β microstructure had 0.99 and 1.7 ratio values of H/E 

respectively. However, at 10 N our results show that there is no direct link 

between the hardness and elastic modules for titanium alloys used in this 

investigation and the total removed wear volume. The same behavior for α 

+β and β phase titanium alloys was reported by [223,227, 228]. 

It is interesting to note that the total removed wear volume of the 

secound generation β-microstracture Ti-8Mo-4Nb-2Zr decrease with load. 

This meant that the worn wear track on the secound generation β-

microstracture Ti-8Mo-4Nb-2Zr has capacity to regain passivity under 

rubbing. However, the capacity of an alloy to revert to its passive state after 

rubbing is a crucial characteristic that is dependent on several factors. The 

main factors influnce the phenomenon of passiviting under rubbing are the 

critical pressure required to depassivation mechanism, the thickness of the 

passive oxide developed on the alloy's surface, and the chemical 

compostion of the oxide [229]. This phenomenon is very benficial to 

biomdeical applicatipons since the phenomenon of passivity will play a key 

role to decrease the material loss and reduce the amount of debris during 

wear, also decrease the release of metal inos. The same phenomenon was 

also reported in other β-microstracture titanium alloys by [10,227,229].    
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Table (4.8): Total removed wear volume of titanium alloys used in this 

investigation 

Alloy  Phase 

Constituents 

Total removed 

wear volume at 

10N (mm3) 

Total removed 

wear volume 

at 20N (mm3) 

CP-Ti α 1.882234 2.258681 

Ti-6Al-4V α+β 0.678852 1.762752 

Ti-13Zr-13Nb Rich - β 0.769218 1.199076 

Ti-15Mo Metastable β 0.85341 1.335718 

Ti-8Mo-4Nb-2Zr β 2.095703 1.035156 
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Conclusions and Suggestions 

5.1. Conclusions 

In this investigation, the microstructure, the electrochemical and 

tribological behavior that correlates microstructure of the traditionally 

used Cp-Ti α-microstructure, the first generation Ti-6Al-4V α+β 

microstructure, and the second-generation titanium-based alloys β, rich β, 

and metastable β were investigated in Ringer solution. From the results 

obtained in this investigation, the main conclusions can be drawn: 

1- The average Vickers microhardness values of the second-generation Ti 

-8Mo-4Nb-2Zr β- microstructure alloy were greater than those of other 

alloys used in this investigating. While, Ti-13Zr-13Nb (Richβ) and Ti-

15Mo (metastable β) alloys showed Vickers microhardness values that 

were greater than Cp-Ti (α-phase) and near to first generation values. (α 

+β) Ti-6Al-4V 

2- The second-generation Ti -8Mo-4Nb-2Zr β- microstructure alloy had a 

lower elastic modulus as compare to the other alloys used in this 

investigation.  

3- The alloy microstructure (α, α+β, rich β, metastable β and β) hardly 

influenced the electrochemical behavior of alloys used in this 

investigation. 

4- The second generation Ti -8Mo-4Nb-2Zr β- microstructure, Ti-13Zr-

13Nb (Rich β) and Ti-15Mo (metastable β) alloys with the highest 

positive OCP values outperformed Cp-Ti (α -phase) and the first 

generation of Ti-6Al-4V α +β.  
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5- The second-generation Ti -8Mo-4Nb-2Zr β- microstructure alloy had 

lower corrosion rate compared to other titanium alloys used in this 

investigation. 

6- The tribological mechanism is predominantly abrasive mechanism. 

7- No evidence of material transfer from all alloys to the zirconia ball or 

from the zirconia ball counterbody to all titanium alloys used in this 

investigation after the wear tests. 

8- At high load used in this investigation, the wear behavior has direct 

relationship with mechanical properties. However, the ratio of 

depassivation / repassivation influenced the wear behavior of the second-

generation titanium alloys. 

9- The second-generation Ti -8Mo-4Nb-2Zr - microstructure alloy was 

found to be the greatest option for biomedical application due to its 

elevated hardness and low modulus of elastic, low corrosion rate, 

comparable tribological behavior and with nontoxic alloying elements 

limit compared with other alloys used in this investigation. 
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5.2. Suggestions  

    During this investigation, the microstructure, electrochemical and 

tribological behavior that correlates microstructure of the second 

generation of titanium alloys, traditionally used α-microstructure phase 

Cp-Ti alloy, and the first generation alloy (Ti-6Al-4V) were documented 

in this dissertation.  It may be necessary to accomplish the following in 

order to have a better knowledge of all phenomena: 

1- Investigation the electrochemical and tribological behavior that 

correlates microstructure of the second generation of titanium alloys that 

not used in this investigation, for example, near β, αʹ + β, αʺ + β, and 

ω+β.     

2. To gain additional information about the electrochemical behavior of 

alloys, the electrochemical study should be completed utilizing 

electrochemical impedance spectroscopy EIS. 

3- The subsurface structure after the wear need more investigation 

applying  focused ion beam test (FIB) and transmission electron 

microscopy test (TEM). 

4- Light grey layer and small black spots formed on the surface of the 

secound generation β-microstracture Ti-8Mo-4Nb-2Zr after the wear 

need more investigation using Raman spectroscopy.   

5- Antibacterial test for oxide film forming on the surface. 

6- Coating modification of alloys surfaces. 
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Figher1:History  of titanium alloy samples. 
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Fighar2: chemical analysis of titanium alloy used in this investigation.  
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 Fighar2: chemical analysis of titanium alloy used in this investigation. 
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 Fighar2: chemical analysis of titanium alloy used in this investigation. 
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 Fighar3: FESEM of Cp-Ti. 

  

 Fighar4: FESEM of Ti-6Al-4V. 
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 Fighar5: FESEM of Ti-13Zr-13Nb. 

 Fighar6: FESEM of Ti-15Mo. 
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 Fighar7: FESEM of Ti-8Mo-4Nb-2Zr. 
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 Fighar8: EDX of Cp-Ti.. 
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 Fighar9: EDX of Ti-6Al-4V.. 
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 Fighar10: EDX of Ti-13Zr-13Nb. 
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 Fighar11: EDX of Ti-15Mo. 
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 Fighar12: Potentiodynamic Polarization for Cp-Ti. 

 

 Fighar13: Potentiodynamic Polarization for Ti-6Al-4V. 
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 Fighar14: Potentiodynamic Polarization for Ti-13Zr-13Nb. 

 

 Fighar15: Potentiodynamic Polarization for Ti-15Mo. 
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 Fighar16: Potentiodynamic Polarization for Ti-8Mo-4Nb-2Zr. 

 

 Fighar17: Lubricated sliding friction for CP-Ti alloy at 10N. 
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 Fighar18: Lubricated sliding friction for CP-Ti alloy at 20N. 

 

 Fighar19:  Lubricated sliding friction for Ti-6Al-4V alloy at 10N. 
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 Fighar20:  Lubricated sliding friction for Ti-6Al-4V alloy at 20N. 

 

 Fighar21:  Lubricated sliding friction for Ti-13Zr-13Nb alloy at 10N. 
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 Fighar22: Lubricated sliding friction for Ti-13Zr-13Nb alloy at 20N. 

 

 Fighar23:  Lubricated sliding friction for Ti-15Mo alloy at 10N. 
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 Fighar24:  Lubricated sliding friction for Ti-15Mo alloy at 20N. 

 

 

 Fighar25:  Lubricated sliding friction for Ti-8Mo-4Nb-2Zr alloy at 10N. 



136 
 

 Fighar26:  Lubricated sliding friction for Ti-8Mo-4Nb-2Zr alloy at 20N. 

 

 

 

 

 Fighar27: XRD Card for Compound α 
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 Fighar28: XRD Card for Compound β 
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 الخلاصة :

الى دراسة البنية المجهرية  والخصائص الكهروكيميائية دف بشكل اساسي هذه الدراسة ته
ثلاثة سبائك تيتانيوم الجيل والخصائص الترايبولوجية  لسبائك التيتانيوم من الجيل الثاني. تم استخدام 

ذات الطور بيتا غير   Ti-15Moوسبيكة  ꞵالغنية بالطور بيتا  Ti-13Zr-13Nbالثاني : سبيكة 
دام سبيكة خبالكامل . وللمقارنة تم است ꞵذات الطور بيتا  Ti-8Mo-4Nb-2Zrالمستقر وسبيكة 

Cp-Ti  ذات طور الفاα  و سبيكة تيتانيوم الجيل الاولTi-6Al-4V ( ذات طور الفا وبيتاꞵ+α.) 

دمة بواسطة خلسبائك التيتانيوم المست واص الميكانيكةختم تصنيف مورفلوجية السطح وال
 OM, والمجهر الضوئي   XRD, وحيود الاشعة السينية  FESEMالمجهر الالكتروني الماسح 

ريت فحوصات الصلادة ومعامل المرونة لغرض الحصول على جالبنى المجهرية , وقد ا صلفح
 Cp-Tiضح ان سبيكة الخواص الميكانيكية لكل سبيكة  ومن خلال فحوصات البنى المجهرية ات

-Ti, وسبيكة ꞵو αتحتوي على طوري  Ti-6Al-4V, وان سبيكة αتحتوي بالكامل على طور الفا 
13Zr-13Nb غنية بالطور بيتاꞵ  و سبيكةTi-15Mo تحتوي على طور بيتاꞵ  غير المستقر, اما

الميكانيكة , ومن خلال الفحوصات ꞵتحوي بالكامل على طور بيتا  Ti-8Mo-4Nb-2Zrسبيكة 
لديها اقل معامل مرونة واعلى صلادة بينما اظهرت  Ti-8Mo-4Nb-2Zrاتضح ان السبيكة 

 .صلادةاقل  Cp-Tiاعلى معامل مرونة  واظهرت سبيكة  Ti-6Al-4Vسبيكة 

دمة في هذه الدراسة عند درجة حرارة ختم دراسة السلوك الكهروكيميائي لجميع السبائك المست
تبارات خ( قبل اOCP. في البداية تم قياس جهد الدائرة المفتوحة ) رينجر سيليزية في محلول° 37

الى  بالإضافةفي السبائك  التآكل.تم استدام الاستقطاب الداينمكي الفعال للتحقق من سلوك  التآكل
يوم 30ر لمدة جتبار الايونات المتحررة من كل سبيكة اثناء غمرها في محلول رينخدام اخذلك تم است

الجيل الثاني ذات   Ti-8Mo-4Nb-2Zr, وذلك لقياس الايونات المتحررة . تم اثبات ان سبيكة 
 رى .خمن بين السبائك الا تآكلتحتوي على اعلى مقاومة  ꞵالطور بيتا 



دمة  في هذه الدراسة خي  لجميع سبائك التيتانيوم المستجفحص السلوك الترايبولو تم اجراء 
نيوتن , بشكل عام تم ازدياد  20نيوتن و 10نجر في درجة حرارة الغرفة عند الاحمال في محلول  ري

 20نيوتن الى 10الذي تم ازالته وزاد معامل الاحتكاك مع زيادة الحمل المسلط من  التآكلم جح
, اثر على نيوتن. ومع ذلك فان إزاله طبقه الأوكسيد الحاميه / أعاده تكوين طبقه الأوكسيد الحاميه

البلى الذي  حجمانخفاضا في  Ti-8Mo-4Nb-2Zrلسلوك الترايبولوجي للسبائك. اظهرت السبيكة ا
اقل  Ti-6Al-4Vنيوتن , واظهرت سبيكة 20نيوتن الى  10تم ازالته مع زيادة الحمل المسلط من 

ية حجم بلى مزال واقل معامل احتكاك مقارنة بالسبائك الاخرى, ومع ذلك بالنظر الى التطبيقات الطب
يل الثاني ذات الطور بيتا مرشحا جيدا مع جال Ti-8Mo-4Nb-2Zrالحيوية يمكن ان تكون سبيكة 

 .ل للمقارنة وبعناصر سبك غير سامةمقاومة تآكل جيدة نسبيا ومعامل مرونة منفض وسلوك بلى قاب



 

 جمــــهـــــــــــــوريــــــــــــــة الـــــــــــــــــــــعــــراق

 وزارة التعليم العالي والبحث العلمي
 جـــــامـــــــــــــــعـــــــــــــة بـــــــــابـــــــــــــــــــــــل 
 كـــلـــيـــــــــــــة هـــنـــدســــــــــة الــــمـــــواد 
 قـــســــــــــم هــــنـــدســـــــة الــمـــعـــــــادن 

 

 
 

 

تقصي سلوك التآكل والبلى لسبائك الجيل الاول 

 والجيل الثاني لتيتانيوم المواد الحيوية
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