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ABSTRACT 

ABSTRACT 

Medical implants are essential for improving the quality of life of people who suffer, especially 

in the orthopedic field. Therefore, the need for biomaterials has increased exponentially as a 

result of the necessity for replacing or repairing damaged parts of the human body to regain the 

missing shape or functionality of biological tissue. To achieve the long-term performance of 

these implants, they must have distinct mechanical, tribological, and electrochemical properties. 

In this context, this study aims to examine the effect of milling times on the mechanical, 

tribological, and electrochemical properties of Ti50-Ni50 (or Nitinol), which is one of the most 

attractive materials in the medical field for orthopedic implants due to its unique properties. 

Ti50-Ni50 alloys were synthesized using high-energy ball milling under different milling times (2, 

6, 12, and 18 h). The size, shape, and uniform chemical composition of the powder particles 

were examined using scanning electron microscopy (SEM) and energy dispersive spectroscopy 

(EDS). The alloyed particles' structural characteristics were determined through the use of X-ray 

diffraction (XRD). Mechanical properties were assessed using hardness tests, while tribological 

behavior was examined using a ball-on-plate tribometer operating in Ringer's Solution under 

various applied load of 2, 10, and 20 N. The electrochemical properties were characterized by 

open-circuit potential (OCP) measurement, potentiodynamic polarization (PD), and the 

Electrochemical Impedance Spectroscopy (EIS) technique. To simulate typical biological 

conditions, Hank's solution at pH = 7.4 and T = 37 °C were used as the electrolyte. 

The results revealed that the milling process influences the particle size and shape of powders, 

where the proportion of fine particles increased with increasing grinding times from 2 h to 18 h 

due to severe deformation and fracturing. This improvement in particle refinement contributed to 

enhanced mechanical attributes, wear resistance, and corrosion resistance, making the material 

useful for bone implants. 

Keywords: Biomaterials; Titanium; Nickel; Corrosion; Friction; wear; Total hip replacement. 



RESUME 

RESUME 

Les implants médicaux sont essentiels pour améliorer la qualité de vie des personnes qui 

souffrent, notamment dans le domaine orthopédique. Par conséquent, le besoin de biomatériaux a 

augmenté de façon exponentielle en raison de la nécessité de remplacer ou de réparer les parties 

endommagées du corps humain pour retrouver la forme ou la fonctionnalité manquantes des 

tissus biologiques. Pour obtenir des performances à long terme, ces implants doivent posséder 

des propriétés mécaniques, tribologiques et électrochimiques distinctes. 

Dans ce contexte, cette étude vise à examiner l’effet des temps de broyage sur les propriétés 

mécaniques, tribologiques et électrochimiques du Ti50-Ni50 (ou Nitinol), qui est l’un des 

matériaux les plus attrayants dans le domaine médical pour les implants orthopédiques en raison 

de ses propriétés uniques. 

Les alliages Ti50-Ni50 ont été synthétisés en utilisant le fraisage à billes de haute énergie sous 

différents temps de fraisage (2, 6, 12 et 18 h). La taille, la forme et la composition chimique 

uniforme des particules de poudre ont été examinées à l’aide de microscopie électronique à 

balayage (SEM) et de spectroscopie à dispersion d’énergie (EDS). Les caractéristiques 

structurelles des particules alliées ont été déterminées par diffraction de rayons X (XRD). Les 

propriétés mécaniques ont été évaluées à l’aide d’essais de dureté, tandis que le comportement 

tribologique a été examiné à l’aide d’un tribomètre à billes fonctionnant en solution de Ringer 

sous diverses contraintes appliquées de 2, 10 et 20 N. Les propriétés électrochimiques ont été 

caractérisées par des mesure du potentiel de circuit (OCP), polarisation potentiodynamiques (PD) 

et la technique de spectroscopie d’impédance électrochimique (EIS). Pour simuler des conditions 

biologiques typiques, on a utilisé comme électrolyte la solution de Hank à pH = 7,4 et T = 37 °C. 

Les résultats ont révélé que le processus de fraisage influence la taille et la forme des particules 

des poudres, où la proportion de particules fines augmente avec l’augmentation des temps de 

broyage de 2 h à 18 h en raison de déformations et de fracturations sévères. Cette amélioration 

du raffinement des particules a contribué à améliorer les attributs mécaniques, la résistance à 

l’usure et la résistance à la corrosion, ce qui rend le matériau utile pour les implants osseux.  

 

Mots-clés : Biomatériaux; Titane; Nickel; Corrosion; Friction; Usure; Prothèse total de la 

hanche. 



 ملخص

 ملخص

اجة ادت الحزحياة الأشخاص الذين يعانون، خاصة في مجال جراحة العظام. لذلك،  جودةالغرسات الطبية ضرورية لتحسين 

وظيفة لشكل أو العادة اإلى المواد الحيوية بشكل كبير نتيجة لضرورة استبدال أو إصلاح الأجزاء التالفة من جسم الإنسان لاست

قبلية ونيكية يجب أن يكون لها خصائص ميكا لمفقودة للأنسجة البيولوجية. لتحقيق الأداء طويل المدى لهذه الغرسات،ا

 .وكهروكيميائية مميزة

ائك ة لسبميائيكهروكيفي هذا السياق، تهدف هذه الدراسة إلى فحص تأثير أوقات الطحن على الخصائص الميكانيكية والقبلية وال

50Ni-50Tiئصها الفريدة، وهي واحدة من أكثر المواد جاذبية في المجال الطبي لزراعة العظام بسبب خصا. 

ة(. تم فحص ساع 18و  12و  6و  2باستخدام طحن الكرة عالي الطاقة في أوقات طحن مختلفة ) 50Ni-50Ti تم تصنيع سبائك

التحليل و (SEM) الحجم والشكل والتركيب الكيميائي الموحد لجزيئات المسحوق باستخدام الفحص المجهري الإلكتروني

 لأشعة السينيةمن خلال استخدام حيود ا المطحونةتم تحديد الخصائص الهيكلية للجسيمات . (EDS) الطيفي المشتت للطاقة

(XRD) .ومتر ياس ترايبخدام مقتم تقييم الخصائص الميكانيكية باستخدام اختبارات الصلابة، بينما تم فحص السلوك القبلي باست

ظروف نيوتن. لمحاكاة ال 20و  10و  2من  تحت ضغوط تطبيقية مختلفة Ringerيعمل في محلول  اللوحةللكرة على 

 . درجة مئوية 37 حرارة الوسط و 7.4 درجة الحموضةعند  Hankالبيولوجية النموذجية، تم استخدام محلول 

 يادة أوقاتة مع زكشفت النتائج أن عملية الطحن تؤثر على حجم الجسيمات وشكل المساحيق، حيث زادت نسبة الجسيمات الدقيق

ز السمات ساعة بسبب التشوه الشديد والكسر. ساهم هذا التحسن في صقل الجسيمات في تعزي 18اعة إلى س 2الطحن من 

 .ومقاومة التآكل، مما جعل المادة مفيدة لزراعة العظام الكشطالميكانيكية ومقاومة 

 المواد الحيوية, التيتان, النيكال, التأكل, الكشط, الاحتكاك, مفصل الورك.  الكلمات المفتاحية:
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GENERAL INTRODUCTION 

Millions of people worldwide suffer from inflammation of the bones and joints these days. 

Surgical intervention is often necessary to repair these problems, and in very extreme situations, 

whole joint replacements are necessary [1]. The most typically replaced joints are the knee and 

hip [1-3]. Severe bone defects and fractures present major treatment challenges, especially when 

they involve large or complex injuries. To address these challenges, commercially available bone 

implants, crafted from advanced biomedical material, have become a crucial solution. 

Any implantable biomedical material having therapeutic value must be biocompatible with the 

human body, meaning that it must not have any negative effects [4, 5], as well as possess 

mechanical qualities suitable for bone structure [6]. In recent years, the field of bone implant 

research has expanded rapidly. However, most implants have not shown a long working life due 

to lack of compatibility of the implant material with the human body [7]. In addition, the 

performance of these implants reduces in certain working conditions such as jumping, running, 

loaded for long duration, etc [7]. As a result, creating an implant material with better properties 

that can solve the aforementioned issues is essential. 

It is estimated that 70-80 % of biomedical implants are made of metallic materials [8-10]. They 

should have sufficient fatigue strength because they are typically used in load-bearing 

applications [11]. The usage of metals as biomaterials and related technologies is constantly 

improving in comparison to ceramics and polymeric materials because their properties can be 

altered to suit the needs of the manufacturing processes [11]. The most appropriate modern 

metallic materials for biomedical applications are considered to be titanium and its alloys due to 

their exceptional all-around qualities. They also meet the requirements of implantation materials 

more effectively than other competing materials like tantalum, stainless steel, Cr-Co alloys, and 

CP niobium [12, 13]. 

Shape memory alloys (SMAs) are an important class of smart or functional materials that have 

gained a lot of attention recently and are widely used in a variety of industries, such as 

biomedicine, aviation, and civil engineering [14]. One of the most important of these materials is 

the Ti-Ni alloy, also known as Nitinol, which has an equal atomic ratio of titanium (Ti) and 

nickel (Ni) [15-17]. This alloy has been studied as a biomaterial since its discovery by Buehler et 
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al., (1963) [15]. It is approved for long-term usage and is a substance safe for use in biomedical 

implants, according to the US Food and Drug Administration (FDA) [18]. Ti-Ni alloys have 

remarkable features such as shape memory effect (SME), superelasticity (SE), higher corrosion 

and wear resistance, as well as excellent biocompatibility in the human body's environment [19, 

20]. The latter is guaranteed through the formation of an oxide layer on their surface consisting 

mainly of TiO2 [21, 22]. 

The corrosion resistance of nitinol becomes extremely important for applications in the human 

body, as the amount and toxicity of corrosion products directly impact the alloy's 

biocompatibility [23]. A lot of research has shown that Ti-Ni is very biocompatible and resistant 

to corrosion, But, the high nickel concentration of the alloy and the possibility of corrosion-

induced disintegration are concerning [24-27]. Human tissue contains ions such as hydroxide and 

chloride, proteins, water, and dissolved oxygen, all of which produce an environment that is 

aggressive to the metals or alloys used for implantation [26]. The release of nickel ions from an 

implant into body fluids and tissue frequently results in corrosion, perhaps in the form of pitting, 

which decreases the implant's mechanical performance and sets off adverse cellular reactions 

[27]. In addition, the wear resistance of implants is very important because the debris released 

from metallic implants causes adverse cellular responses and the implant's failure. 

Additionally, one of the main challenges in designing titanium implants is to reduce the modulus 

of elasticity to be close to that of the bone. The elasticity modulus of Ti-Ni alloys is smaller than 

that of conventional materials such as Co-Cr alloys and stainless steel. But, it is still higher than 

the elastic modulus of bone, which is around 30 GPa. This difference can lead to a "stress 

shielding" phenomenon, where the implant takes too much load, which can weaken the adjacent 

bone and loosening of the implant. 

Thus, current research is mainly focused on improving and developing these materials' 

performance during the design stage to accommodate the harsh circumstances of the human 

body. In this work, Ti-Ni alloys were produced using powder metallurgy, which provides special 

techniques for producing and solidifying metal powders, such as cold pressing, hot isostatic 

pressing (HIP), and sintering. One popular method for creating nanocrystalline materials with 

uniform structures is mechanical alloying (MA). To obtain the required material attributes, this 



GENERAL INTRODUCTION 

-3- 
 

novel technique uses a high-energy ball mill. Several factors, such as grinding environment, ball-

to-powder ratio (BPR), rotational speed, and milling time, influence the reduction of particle size 

in planetary ball milling. According to earlier research, the most important factor in MA that 

significantly affects the characteristics of materials is the milling time [27-29]. 

However, no studies have been conducted on the optimization of the milling/grinding time of 

Ti50-Ni50 alloys. The main objective of this work is to determine the effects of milling times on 

the structural, mechanical, tribological, and electrochemical properties of Ti50-Ni50 alloys 

produced using a high-energy ball milling technique. By optimizing grinding durations, this 

research attempts to improve the performance of Ti50-Ni50 alloys, specifically in terms of 

corrosion and wear resistance for applications like total hip implants through the attempt to 

address the issues of nickel ion release and wear debris by developing alloys with improved 

properties to endure the harsh environment of the human body. 

This work consists of a general introduction that situates the subject, five chapters, and a general 

conclusion, summarizing the main results obtained.  

The first chapter focuses on a bibliographical study of biomaterials, exploring their different 

classes, and their desired characteristics for use in medicine. It also includes an overview of total 

hip prostheses, their components, fixation, friction couples, and associated problems. 

Furthermore, the chapter discusses titanium alloys and their choices as biomaterials, with a 

particular emphasis on the Ti-Ni alloy, which is the most appealing biomaterial for orthopedic 

implants due to its tribological and electrochemical performance in the biomedical field. 

Furthermore, the methods used to fabricate these materials were highlighted. 

In the second chapter, we outline the steps of the experimental methods of elaboration of the Ti-

Ni alloy as well as the parameters involved in the elaboration process of our samples. We also 

describe the primary characterization methods used in this investigation. 

The third chapter presents the results with their interpretations of the structural analysis of the 

Ti-Ni alloy, using scanning electron microscopy and X-ray diffraction to determine the evolution 

of the formed phases, changes in crystallite size, lattice parameters, particle size, and pore size 

distribution, as well as their morphology. This chapter also discusses the results of mechanical 
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properties including the hardness, Young’s modulus, relative density, relative porosity, and 

surface roughness of HIPed and sintered samples. 

In the fourth chapter, we discuss the results obtained on the tribological behavior of the samples 

(i.e., coefficient of friction (COF), wear rate).  

The fifth chapter presents the discussion of the results of the electrochemical behavior obtained 

through the use of three methods: the monitoring of the evolution of open-circuit potential 

(OCP), potentiodynamic polarization (PD), and electrochemical impedance spectroscopy (EIS) 

technique.  

We closed this thesis manuscript with a general conclusion that summarizes the main results 

obtained from our study with prospects for future work. 
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I. INTRODUCTION 

The number of individuals in need of orthopedic prostheses has increased dramatically, due to 

the increasing world population and life expectancy. In orthopedic repairing, the most used 

devices are metallic, ceramic, and polymer [1]. Stainless steel, Co-Cr alloys, and titanium 

alloys are some of the materials that are most frequently utilized in the biomedical field [2]. 

However, among the materials listed, Titanium and its alloys (such as Ti-Ni alloy) are the 

most utilized materials in the medical field due to their special properties, including low 

density, specific strength, biocompatibility, and exceptional oxidation resistance [3]. 

The first chapter is a bibliographic study, which is divided into four parts. In the first part, we 

describe biomaterials (definition, desired characteristics of biomaterials for use in medicine, 

and their different classes…). The second part consists of some notions about total hip 

prosthesis and their problems. The next section provides an overview of titanium alloys, a 

description of the Ti-Ni study alloy, and an explanation of why these materials were selected 

for use as biomaterials. In the last part, we described nanomaterials and the methods used in 

the elaboration of Ti-Ni alloys. 

I.1 BIOMATERIALS 

I.1.1 Introduction 

A class of non-living materials known as "biomaterials" is of great research interest today, 

they are used to enhance or replace (completely or partially) a tissue, an organ, or a bodily 

function in order to preserve or improve the lives of people suffering from severe functional 

problems. These materials are used in numerous branches of medicine such as orthopedics, 

neurology, ophthalmology, and dentistry, etc. Desired characteristics in biomaterials for use in 

medicine are: biocompatibility, the non-toxicity of biomaterials or their products during 

degradation, and mechanical continuity with the surrounding bone tissue [4]. 

I.1.2 Definition of biomaterials 

The definition of biomaterials is "substances that are inserted into or used in conjunction with 

the body and are created with characteristics that closely resemble those of the biological 

system, be stable enough for the intended use, have the right levels of bioactivity, and are 

designed to partially or entirely replace the functions of diseased, damaged, or dysfunctional 
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tissues and organs'' [5]. It should be noted that the prefix "bio" in the definition of 

biomaterials means "biocompatible," not "biological" or "biomedical" [6]. 

 

 

 

 

 

 

 

 

 

 

Figure I.1: The major applications of biomaterials in the human body [7]. 

I.1.3 Historical development of biomaterials 

Although the term "biomaterial" was coined in the middle of the 20th century, however, the 

usage of biomaterials dates back far further [8]. The first recorded use of biomaterials for 

medical purposes was the use of linen sutures in ancient Egypt in 3000 BC [8]. It is also 

widely known that Europeans used catgut as a suture material during the middle Ages [9]. 

The heads of huge, biting ants were used to clamp the margins of wounds together in South 

Africa and India [10]. Metallic sutures have their origins in Ancient Greece, when Galen of 

Pergamon, a physician, surgeon, and philosopher, reported the use of golden wires as ligatures 

in the second century AC. Through the ages, other metals have been used including lead and 

silver. Similar to modern-day dentists, the ancient Mayans made artificial teeth from seashells 

that successfully underwent osseointegration [11, 12]. In addition, the Chinese crafted 

bamboo rods to resemble natural teeth that were placed in jaws similar to modern dental 

implants [13]. Iron has more recently been used to make artificial teeth in Europe [14]. 

Furthermore, Gaspare Tagliacozzi and other innovative plastic surgeons used autogenous skin 
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flaps to successfully reconstruct missing noses in the sixteenth century [15]. The following 

Figure I.2 lists significant dates in the development of biomaterials: 

Figure I.2: The history of biomaterials: from replacement to regeneration [16]. 

Major advancements in biomaterials occurred in the eighteenth and nineteenth centuries. The 

success of using materials inside a biological system is greatly influenced by the 

biocompatibility of the materials, which researchers have begun to understand. The first 

method for fixing bone fractures with metal wire was introduced in 1775 by Toulouse doctors 

Lapuyade and Sicre. H. S. Levert conducted research on the biocompatibility of metal 

implants (gold, silver, lead, and platinum) and bone fixation plates in dogs in the middle to 

late 1800s. Adolf Fick created the first functional glass contact lens in 1888 although 

Leonardo Da Vinci had outlined the idea much earlier, in 1508 [8].   

I.1.4 Desired properties in biomaterials for medical applications 

Materials used in the manufacture of prosthetics implanted within the living human body that 

is in direct contact with the body's tissue should contain specific sets of qualities, some of 

which are listed below: 

I.1.4.1 Biocompatibility 

The ability of a biomaterial to interact with human body tissues without endangering those 

tissues is the single most crucial characteristic that sets it apart from other materials [17]. 
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Biocompatibility was defined by Williams in 2008 as: "the capacity of a biomaterial to carry 

out its intended function in relation to a medical therapy without causing any unfavorable 

local or systemic effects in the recipient or beneficiary of that therapy " [18]. In general, the 

factors influencing biocompatibility are illustrated in Figure I.3. 

 

 

 

 

 

 

 

              

 

Figure I.3: Schematic presentation of variables affecting biocompatibility [18].  

In medical practice, two categories of biocompatibility exist are: structural biocompatibility 

and surface biocompatibility.  

 Structural biocompatibility: The interplay between the structure of the biomaterial 

and the characteristics of the biological system. According to these interactions, a 

biomaterial has a certain capacity to carry out a specific task inside a medical device 

[19]. 

 Surface biocompatibility: Describes the implant's compatibility (topographically and 

chemically) with the cells around it [19]. 

I.1.4.2 Mechanical properties  

To increase the implant's service life and prevent loosening, the material should have a low 

modulus together with high strength to avoid the need for revision surgery [20]. Additionally, 

by matching the biomaterials' modulus of elasticity to the bone, which ranges from 4 to 30 

GPa, it is possible to eliminate stress shielding [20, 21]. 

Biocompatibility 

Surgery and sterile 

Design and construction 

Implant displacement 

Chemical reactions to implant 

Biological reactions to implant 

 

Toxcicity 

Biodegradation 
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I.1.4.3 Non-toxic  

The toxicity is caused by the elements that release out of the biomaterials into the biological 

system. For that, a biomaterial should be non-toxic to fulfill its function in the environment of 

the live body without adversely affecting other cells, organs, or the organism as a whole [22]. 

There are two different types of toxicity: genotoxic (which can change the DNA of the 

genome) and cytotoxic (which damages individual cells). Implant rejection and other major 

health issues may result from failing to meet the biocompatibility and nontoxic requirements 

[20, 21]. 

I.1.4.4 High corrosion resistance 

The implants consisting of a biomaterial with low corrosion resistance release undesirable 

metal ions into the body, leading to hazardous reactions result, which may necessitate revision 

surgery.  Thus, a desirable property of biomaterials is excellent corrosion resistance [21]. 

I.1.4.5 High wear resistance 

The material should have a high wear resistance and low friction coefficient when sliding 

against body tissues. The implant may become loose due to an increase in friction coefficient 

or a decrease in wear resistance. Additionally, the wear debris produced might lead to 

inflammation that harms the bone supporting the implant [20, 21]. 

I.1.4.6 Osseointegration  

Osseointegration defined as "A direct structural and functional connection between organized, 

living bone and the surface of a load-carrying implant" [20]. Successful osseointegration is 

greatly influenced by the surface's roughness, chemistry, and topography. Implant loosening 

is caused by the implant surface's failure to osseointegrate with the surrounding bone [20]. 

I.1.4.7 Long fatigue life 

The fatigue strength is related to the response of the material to repeated cyclic loads. The 

major issues of implant loosening, stress-shielding, and eventual implant failure are caused by 

fatigue fracture, which is a problem that is frequently reported for hip prostheses [23]. 
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I.1.5 The main classes of biomaterials 

Biomaterials used to solve human health problems are classified by their nature into: Natural 

materials, metals, polymers, ceramics, and composite materials. 

I.1.5.1 Natural materials 

Natural biomaterials may come from humans, animals, or plants. They are mostly restorative 

materials with a structure comparable to the native tissue they are meant to replace. They also 

contain a variety of components that aid in tissue regeneration, repair, and rebuilding. Three 

different forms of biopolymers make up the majority of natural biomaterials [8]: 

 Proteins: chains of amino acids (silk, collagen, elastin, and fibrin).   

 Polysaccharides: chains of sugar (chitin, glycosaminoglycans).  

 Polynucleotides: chains of nucleotides (DNA, RNA). 

I.1.5.2 Metals  

Among the first biomaterials employed for biomedical applications were metals and metal 

alloys. They are primarily utilized in surgery (instruments), stomatology (prostheses, 

dentures...), and orthopedics (joints, plates, screws...) [24]. The following metals and alloys 

are most frequently used in medical device applications: 

I.1.5.2.1 Stainless steel  

In the early stages of total hip replacement (THR), stainless steel was a popular implant 

material since it is simple to produce and inexpensive. The chromium found in stainless steel 

aids in preventing corrosion through the formation of an oxide layer on the surface. To ensure 

passivation, chromium must be present at a minimum of 12 %. Molybdenum provides 

resistance against pitting corrosion which is a localized form of corrosion responsible for 

producing cavities in the material. The lower carbon content of stainless steel prevents 

intergranular corrosion [25]. Table I.1 below provides an example from ASTM F138 for the 

chemical composition of stainless steel 316L, the most popular steel alloy utilized in implant 

manufacturing [25]. 
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Table I.1: The chemical composition of 316L stainless steel according to ASTM F138 [25]. 

Element (wt. %) 

 

 

Alloy 

 

 

C 

 

Mn 

 

P 

 

S 

 

Si 

 

Cr 

 

Ni 

 

Mo 

 

Fe 

 

316L 

 

0.03 

 

2.00 

 

0.03 

 

0.01 

 

0.75 

 

17.00- 

19.00 

 

13.00-

15.5 

 

2.00-

3.00 

 

Balance 

 

I.1.5.2.2 Cobalt-chromium based alloys 

Cobalt-based alloys contain chromium and, almost always, molybdenum [19]. In general, the 

Co-Cr-Mo and Co-Ni-Cr-Mo alloys are the two main categories of cobalt-chromium alloys. 

The Co-Cr-Mo alloy has long been utilized in dentistry, and just recently in the creation of 

artificial joints and the Co-Ni-Cr-Mo alloy, which is now employed to create the stems of 

prostheses for strongly pressured joints like the knee and hip [26]. 

I.1.5.2.3 Titanium and titanium alloys 

Since the 1950 s, titanium (Ti) and titanium alloys have been among the materials most 

frequently employed in biomedical applications [27]. Titanium and its alloys have superior 

properties for use as implant biomaterials compared to stainless steel and cobalt-based alloys, 

such as reduced elastic modulus, superior biocompatibility, and higher corrosion resistance. 

The first-generation titanium alloys, (α+β) Ti-6Al-4V, and pure titanium CP-Ti; have been 

introduced some time ago, but more recently, the second-generation titanium alloys, the β-

titanium alloys; have attracted a lot of attention [28]. (It will be detailed in the third part of the 

chapter). 

I.1.5.2.4 Noble metals  

Since ancient times, noble metals have been used as biomaterial [29]. Metals such as gold, 

silver, and platinum have high corrosion resistance. Their cost, high density, and low 

mechanical resistance make them less preferred materials for medical components [30]. 

Gold was among the earliest materials utilized for dental implants. It is a comparatively inert 

substance that is somewhat poisonous, highly malleable, and has great electrical conductivity. 

Silver is applied as a coating to surgical tools, burn treatment equipment, and stethoscope 
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diaphragms. Whereas, Platinum possesses outstanding biocompatibility, corrosion resistance, 

and electrical stability. It serves as an electrode in hearing aids as well as being utilized in 

pacemakers as electrodes to stabilize the cardiac rhythm by releasing electrical impulses [30]. 

I.1.5.3 Synthetic polymers  

By definition, a polymer is an organic or inorganic macromolecule created by the repeated 

removal of basic units called monomers attached by covalent bonds [31]. Many different 

types of polymers have been used in the medical industry. Their uses include tracheal tubes, 

kidney, liver parts, heart components, dentures, hip and knee joints, and facial prostheses. 

Additionally, polymeric biomaterials are included while creating medical adhesives, etc [32]. 

A variety of polymers has been used for orthopedic applications, such as: 

 Poly (methyl methacrylate), PMMA 

PMMA; is a rigid, fragile polymer, that turns out to be unsuitable for the majority of 

therapeutic uses. It is utilized in bone cement and dentures. The effectiveness of PMMA 

cement, which is prepared intra-operatively by blending the powdered polymer with 

monomeric methyl methacrylate to create dough that can be implanted in the bone, is a key 

factor in the success of many joint prostheses [33].  

 Ultra high molecular weight polyethylene (UHMWPE) 

UHMWPE is one of the most popular polymer choices for orthopedic implants because it 

possesses the highest mechanical strengths, lowest wear rates, and best biocompatibility [33]. 

There are various factors that affect the mechanical characteristics of polymers, including the 

composition, molecular weight, and structure of the macromolecular chains [33, 34]. The 

wear resistance of UHMWPE can be improved by increasing crystallinity and cross-linking 

density. Even though cross-linking increases wear resistance, it also reduces tensile strength, 

fracture toughness, and resistance to fatigue crack propagation. Whereas, increased 

crystallinity improves elastic modulus; and resistance to fatigue and fracture [33]. 
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I.1.5.4 Ceramics 

Ceramics are polycrystalline materials characterized by their hardness, their low density, 

stiffness, mechanical resistance to corrosion and wear. It can be divided into five groups of 

biomaterials [7]. They are:  

 Alumina (Al2O3): The primary sources of alumina or aluminum oxide are: Bauxite 

and corundum. It is employed in load-bearing hip prostheses and dental implants due 

to their great corrosion resistance, good biocompatibility, high strength, and good 

wear resistance [7, 35]. 

 Pyrolytic Carbon: due to the high compatibility of carbonaceous materials with bone 

and other tissue as well as the mechanical similarities between carbon and bone, it is 

used as a material for orthopedic implants [7]. 

 Zirconia (ZrO2): is a biomaterial that has high mechanical strength and fracture 

toughness. It is currently being used in clinical settings for total hip replacement 

(THR) in making THR ball heads [7]. 

 Calcium phosphate ceramics: available in various physical forms. Their porosity is 

one of their primary properties. The development of an apatite layer that resembles 

bone on the surface of calcium phosphate materials is a crucial prerequisite for their 

bioactivity and ability to bind to real bone [7]. 

 Bioglass and Glass Ceramics: have the particularity of undergoing a Surface 

modification once implanted in the body allowing them for filling bone defects and 

binding to them [7]. 

I.1.5.5 Composite biomaterials 

Composites are substances created by mixing two or more substances or phases in order to 

benefit from the distinctive qualities of each component. To prevent degradation at constituent 

contacts, it is imperative that every component of the composite be biocompatible [36]. The 

most effective composite biomaterials are utilized in dentistry as dental cement or restorative 

materials. Carbon-carbon and carbon-reinforced polymer composites are of tremendous 

interest in bone repair and joint replacement due to their low elastic modulus [37]. However, 

composite materials are often employed to create prosthetic limbs because of their low 

density/weight and excellent strength, which makes them the perfect choice for these 

applications [37]. 
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I.1.6 Advantages and disadvantages of the biomaterials 

The advantages; and disadvantages of various types of biomaterials are depicted in the 

following Table I.2. 

Table I.2: The advantages and disadvantages of the biomaterials. 

Material type 

 
Advantages Disadvantages Ref 

 

 

Natural biomaterials 

 

Abundance, low cost, 

mechanical properties 

similar to tissues. 

Degradable, evoke 

immune responses, 

cannot resist high 

processing temperatures. 

 

[5] 

 

 

Metals 

High tensile and 

compressive strength, high 

resistance to wear. 

Corrosion, high density, 

difficulty in processing, 

difficulty in producing 

complex shapes, release 

ions in the biological 

fluids 

 

 

[5] 

 

 
Synthetic Polymers 

No corrosion, density 

similar to soft tissues, ease 

of processing, ability to 

form complex shapes, 

malleable. 

Low strength, low 

resistance to impact, low 

resistance to wear 

 

 

[5] 

 

 

Ceramics 

Inert, corrosion resistance, 

high biocompatibility, low 

thermal and electrical 

conductivity. 

Difficult manufacturing, 

low impact strength, 

reproducibly. 

 

 

[38] 

 

Composites 

Inert, corrosion resistant, 

superior biocompatibility 

Difficult to reproduce 

during fabrication. 

 

 

[38] 

I.1.7 Medical applications of biomaterials 

Nowadays, biomaterials are used in many therapeutic fields in order to preserve the integrity 

and comfort of life of persons suffering from severe functional problems. 

 Cardiovascular 

Biomaterials are employed in the repair of heart valves, endovascular stents, vascular grafts, 

stent grafts, and other cardiovascular grafts [39]. 
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 Orthopedic surgery 

 

Orthopedic implant devices are one of the most popular biomaterials application fields. The 

structure of freely moveable joints, such as the hip, knee, shoulder, ankle, and elbow, is 

impacted by osteoarthritis and rheumatoid arthritis [40]. The pain in such joints, particularly 

weight-bearing joints such as the hip and knee, can be considerable, and the effects on 

ambulatory function are quite devastating. It is possible to replace these joints with prostheses 

to relieve pain and movement recovery [40]. 

 Ophthalmology 

Several disorders that affect the eye's tissues can cause impaired vision and, in the long run, 

blindness. For example, cataracts cause cloudiness in the lens. This may be replaced with a 

synthetic (polymer) intraocular lens to preserve and restore vision [40]. 

 Dental applications 

In the mouth, bacterially controlled diseases can easily damage the tooth and the supporting 

gum tissues [40]. Extensive tooth loss results from dental caries, and the breakdown of teeth 

brought on by the metabolic activity in plaque (a mucus-based film that traps bacteria on the 

surface of the teeth) [40]. A multitude of materials can be used to repair or reconstruct teeth in 

their whole as well as individual tooth parts [40]. 

 Wound healing 

Fracture fixation devices are a key subset of wound-healing technologies. These include bone 

plates, screws, nails, rods, wires, and other devices used for fracture treatment [39]. 

 Aesthetic surgery  

Utilized biomaterials for aesthetic surgery in: artificial skin, tissue glues, and materials and 

implants for cosmetic surgery [41]. 

 Other applications 

Other uses for biomaterials include drug delivery, the implantation of organs like breasts, and 

the creation of artificial organs such as kidneys, heart-lung machines, etc [42]. 

https://context.reverso.net/traduction/francais-anglais/Assistance+ventriculaire?utm_source=reversoweb&utm_medium=contextresults&utm_campaign=resultpage
https://context.reverso.net/traduction/francais-anglais/Assistance+ventriculaire?utm_source=reversoweb&utm_medium=contextresults&utm_campaign=resultpage
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Figure I.4: Examples of some biomedical applications of biomaterials [42]: a) Hip joint prosthesis; b) Knee 

prosthesis; c) Dental implant; d) Tooth gums; e) Heart valve; f) Artificial heart; g) Biosynthetic wound dressing 

Biobrane; h) Artificial cornea. 

I.1.8 Conclusion  

Maintaining the safety and comfort of the life of people with acute functional problems is a 

major challenge for every community and a critical issue. Therefore, the need for biomaterials 

in all areas of health is increasing exponentially. In recent times scientists are keen to develop 

new biomaterials with the aim of helping patients to improve their lives and that is through 

enhancing their properties which enable them to bind to body tissue without causing any 

unfavorable effects. 

(d) (e) (f) 

(g) (h) 

(c) (a) (b) 
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I.2 TOTAL HIP REPLACEMENT AND THEIR PROBLEMS 

I.2.1 Introduction 

One of the most weight-bearing joints in our body is the hip; it is composed of two halves, 

namely: a ball (femoral head) at the top of our thighbone (femur) and it fits into a rounded 

socket (acetabulum) in our pelvis. There is a group of tissues called ligaments that connect the 

ball to the socket and provide stability to the joint [43]. Rheumatoid arthritis, osteoarthritis, 

fractures, dislocations, and sometimes accidents can all cause injury to the hip joint. This 

could result in a hip fracture and a person being permanently disabled [43].  

In several situations, it becomes necessary to replace the damaged joint with an artificial one.  

A hip prosthesis is an artificial joint that is inserted surgically and is created to serve the same 

purposes as the natural one. ''  Total Hip Arthroplasty ''  is the name given to the surgical 

procedure [44].  

I.2.2 The history of total hip replacement (Arthroplasty) 

Artificial limbs have been used since ancient times where the first attempt to replace a 

femoral head with ivory in Germany by Gluck in 1890 [45]. However, the treatment was not 

as successful as anticipated and did not become widely used [46]. In 1938, Philip Wiles 

created the first total hip replacement, which had a stainless steel cup and head. The head was 

fastened using a stem, which was attached to the neck of the femur by a bolt, and the cup was 

fixed using screws. The clinical results of this development were unknown as a result of 

World War II's interference [47]. 

Over time, metal-on-metal implants were introduced by [48], [49], and [50]. The results from 

such implants were impractical due to implant loosening and high wear of prosthesis 

components caused by high frictional torque [51]. The first metal-on-polymer total hip 

replacement was implanted by Sir John Charnley in 1958, and the first polymer to articulate 

with a stainless steel head was polytetrafluoroethylene (PTFE). Additionally, Charnley 

utilized ultra-high molecular weight polyethylene (UHMWPE) as prosthesis in 1961. This 

procedure was termed "Low Friction Arthroplasty" because it provided low interfacial friction 

against a metal head [52]. The clinical results have encouraged the use of the Charnley 

prosthesis and are still being used to date in less active elderly patients [53]. Boutin created 

the first ceramic-on-ceramic (CoC) total hip replacement in France in the early 1970 s. Due to 
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ceramics’ outstanding wear resistance, flawless surface finish, and high degree of inertness, 

ceramic-on-ceramic hip prostheses was widely used in Europe [54]. 

I.2.3 Definition of total hip replacement 

Total hip replacement (arthroplasty) is a surgical technique that relieves the pain and 

disability brought on by osteoarthritis, fractures, dislocations, congenital abnormalities, and 

other hip-related issues [43]. Artificial materials are surgically inserted into the hip joint to 

replace the diseased cartilage and bone [43]. The total hip replacement technique and 

components position are shown in Figure I.5. 

 

 

 

 

 

 

 

 

 

Figure I.5: Surgery details for total hip replacement [55]. 

I.2.4 Components of total hip prosthesis 

Total hip prosthesis includes four components: the femoral head, the femoral stem and the 

two layers of the acetabular cup. 

I.2.4.1 The femoral head 

The femoral head (ball) has a taper junction that connects it to the stem's neck [56], and it 

comes in a variety of diameters that are frequently correlated with the size of the cup [57]. Its 

diameter plays an important role in determining the range of motion of the artificial joint and 

its stability against dislocation [56]. 
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I.2.4.2 The femoral stem 

The femoral stem is the portion of the prosthesis. After the femoral neck has been removed 

and the femur's medullary canal has been drilled and reamed, the stem is put into the 

medullary canal [56]. A uniform load transfer from the prosthesis to the lower limb is ensured 

by the tight fixation of the femoral stem to the femoral bone [56]. The stem is fixed either by 

press-fitting against the walls of the medullary canal or by a surrounding layer of bone cement 

that is injected into the canal before the stem is inserted [56]. 

I.2.4.3 The acetabular cup-liner 

The acetabular cup's liner, sometimes referred to as the insert or socket, is the femoral head's 

counterpart [56]. It typically has a hollow that is half spherical and mimics the tribological 

surface that the femoral head wears down [56]. 

I.2.4.4 The acetabular cup-shell 

The shell provides the outer face of the acetabular cup, which must be cemented into the 

pelvis using either bone cement or press-fitting [56]. Its fixation can be improved by using 

screws that are put into the pelvis bone [56]. 

 

  

 

 

 

 

 

                                      

 

Figure I.6: Components of a total hip replacement [58]. 
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I.2.5 Implantable material systems for THR 

The femoral stem and ball of total hip prosthesis fit into the cup or acetabular component and 

move about it. Each of the components (ball and the liner) can be made from a wide range of 

materials.  

I.2.5.1 Metal-on-Metal (MoM) 

Metallic prosthetics are stronger and more durable. However, because of wear, corrosion, and 

unfavorable reactions with host tissues, causes complications in the human body [59].  In 

most cases, MoM bearing systems for hip implants are made of Co-Cr-based alloys. (Co-Cr-

Mo) alloy system is the most popular form of Co-based alloy utilized in orthopedic implants 

as femoral and acetabular components. However, the wear of the parts used for more than 30 

years is affecting these bearing materials [60]. Therefore, it is essential to increase the life 

expectancy of the MoM hip joints for younger, more active patients to more than 30 years. 

Some researchers examined the tribological behavior of Co-Cr alloys modified with various 

boron additions. They noticed an improvement in wear resistance and hardness with 

increasing boron content [60]. 

I.2.5.2 Ceramic-on-Ceramic (CoC) 

The Ceramic-on-Ceramic is better than MoM and MoP implants because they show lesser 

wear [59].  Al2O3 and ZrO2, two common ceramics, have better biocompatibility and greater 

mechanical strength. As a result, the implant's lifespan is increased by these improved wear 

properties [59].  

I.2.5.3 Metal-on-Polymer (MoP) 

Recently, several total joint replacements have utilized MoP-bearing combination materials as 

a bearing couple, such as Co-Cr alloy on UHMWPE. UHMWPE wear debris, however, has 

the potential to trigger an inflammatory reaction, which could then result in bone resorption 

and ultimately aseptic loosening of the implant with complete failure [60]. In addition, the 

metal ions produced have the potential to cause poisoning. To reduce wear debris, various 

bearing combinations such as MoM, CoC, and ceramic-on-PE have been created [60]. 
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I.2.5.4 Ceramic-on-Polymer (CoP) 

A good mix of two dependable materials is ceramic on UHMWPE, whereas the polyethylene 

bearing's wear rate can be significantly decreased by the firm, ultra-smooth surface [21]. 

Ceramic-on-polyethylene implants have potential wear at a rate of about 0.05 mm each year, 

i.e., 50 % less than metal on polyethylene [21]. 

I.2.6 Fixation strategies: cemented and uncemented prostheses 

The stem and acetabular cup parts of the THA can be fixed to the bone by using bone cement 

(cemented fixation) or by press-fitting against the bone (uncemented fixation). 

I.2.6.1 Uncemented total hip arthroplasty (Cementless) 

Direct press-fit contact between implant components and surrounding bone is a distinctive 

feature of uncemented THA where bone integration is made easier by the intimate surface 

contact between the implant and bone [56, 61]. Uncemented components' surfaces include 

porous coatings or a porous surface finish to encourage long-term osteointegration; these 

pores are meant to be filled by freshly formed trabecular bone tissue [56, 61]. Common 

coating techniques include Plasma-sprayed hydroxyapatite, Ti-sintered beads, or plasma-

sprayed Ti that encourage incorporation into the bone tissue they are hosting. Uncemented 

THA is preferably used for younger patients since their bone tissue is physiologically more 

active and they can be candidates for additional replacement surgery. So, using the cemented 

method will complicate surgery due to the presence of cement and cement debris [56, 61]. 

I.2.6.2 Cemented total hip arthroplasty  

Cemented prostheses are frequently placed in elderly patients who have weaker bones or 

reduced bone density and cannot withstand extensive rehabilitation [62]. As bone cement, 

polymethylmethacrylate (PMMA) is the material of choice [56, 61].  

The cement purpose is to affix the implant to the bone and distribute the load evenly 

throughout the joint between the two. Notably, cement acts as filler and does not cling to 

either the implant or the bone, but rather relies on tight mechanical interlock between the 

prosthesis and the irregular surface a bone surface [63]. Smooth surfaces are required on 

cemented stems and acetabular cups to prevent stress concentrations that could cause the 
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PMMA layer to break. Furthermore, they must be rigid enough to prevent mechanical loading 

of cement by elastic deformation of the metal [64]. 

                    

Figure I.7: Types of conventional total hip replacement: a) cemented; b) uncemented [65]. 

I.2.7 Total hip arthroplasty surgical indications 

There are numerous reasons why a natural joint can fail, and in order to restore joint 

functionality and relieve pain, joint replacement surgery is ultimately necessary.  The most 

popular causes that harm and deteriorate natural joints are: 

I.2.7.1 Osteoarthritis 

Weight-bearing joints like the hips, knees, spine, and ankles are all affected by osteoarthritis, 

a type of degenerative joint disease [66]. The loss of the collagen structure and the amorphous 

portion of the matrix is what leads to the degeneration of the articular hyaline cartilage lining, 

which in turn causes either a localized lesion or a specific type of erosion resulting in pain and 

decreased movement [66]. 

 

 

 

 

  

(a) (b) 
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Figure I.8: Hip in a healthy state (left) and hip with osteoarthritis (Right) [55]. 

I.2.7.2 Acetabular dysplasia and protrusion 

Hip dysplasia can be a congenital is caused by a defective acetabulum or developmental 

deformation typically takes a major trauma to tear the ligaments and dislocate the hip such as 

car collisions and falls from significant heights [67]. 

I.2.7.3 Rheumatoid arthritis  

Rheumatoid Arthritis is a chronic inflammatory joint disease that frequently results in 

cartilage degradation and bone degeneration, leaving patients disabled [68].  

 

 

 

 

 

 

 

 

Figure I.9: Image showing contrast between a joint free of rheumatoid arthritis and one that has the disease [55]. 
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I.2.7.4 Avascular necrosis 

Avascular necrosis is a result of the shortage of bone irrigation, either temporarily or 

permanently. With the lack of blood supply, the bone tissue dies and loses its properties [69]. 

It primarily affects the joints at the shoulder, knee, and hip. Consequently, the bone strength 

diminishes and the neck of the femur becomes more susceptible to fracture [69]. 

I.2.8 Complications of the total hip prosthesis 

Despite the success of THR, problems may arise and can have a negative impact resulting in 

poor functional results. The main problems that can occur after a total hip implant are: 

I.2.8.1 Aseptic loosening 

Implant loosening is the most frequent cause of total hip arthroplasty revision. It may be 

mechanical or biological in nature where mechanical loosening is caused by loads that are too 

great for the prosthetic material or the area where it meets the bone [70]. This issue may be 

made more likely by excessive loading brought on by usage, poor prosthetic design, and 

inappropriate insertion technique. The cause of biological loosening is bone resorption, which 

is mediated by cells that are triggered by the presence of cement, polyethylene, or metal 

particulate-wear debris [70]. Untreated loosening increases the chance of periprosthetic 

fracture and dislocation, which is frequently painful [71]. 

 

 

 

 

 

 

 

Figure I.10: Radiography of an example of aseptic loosening of the femoral stem in a THA [67]. 
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I.2.8.2 Dislocation 

Dislocation is characterized by a lack of contact between the acetabulum and the component 

of the femoral head (Fig. I.11) [67]. It is a common early (within the first year) problem 

following THA, while it can also happen years after the initial surgery as a result of trauma or 

acetabular cup wear that increases instability [72]. When the hip is in flexion and internal 

rotation, the dislocation is posterior; however, can also be anterior by the hip extending and 

rotating externally [72]. 

The surgeon must have the necessary skill to properly position the prosthetic components 

following THA to avoid dislocation [73]. Additionally, choosing the right prosthesis is 

crucial. For instance, implants with a head diameter of 22 mm have a high risk of dislocation 

[73]. Prosthesis with a sizable head appears to be the best option for elderly individuals who 

are more susceptible to dislocation [73]. 

 

 

 

 

 

 

 

 

 

Figure I.11: Radiography of an example of implant dislocation in a THA [67]. 

II.2.8.3 Wear  

The wear phenomenon is an unfavorable gradual loss of material used to construct a hip 

arthroplasty component that slowly erodes over time due to frequent movement and contact 

[74]. There are several mechanisms that contribute to wear, but the following four are crucial: 
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 Adhesive wear: is the result of the material moving from one surface to another 

surface through shearing of solid welded junctions of asperities. On the surface, it 

leaves troughs, holes, pits, or other irregularities [75]. 

 Abrasive wear: is the result of hard particles or protuberances sliding along a soft 

solid surface [75]. 

 Fatigue/Delamination wear: is the name for wear brought on by fracture resulting 

from surface fatigue due to cyclic loading. It results in a series of pits or voids [75]. 

 Corrosive wear: is due to a chemical reaction between the surface and the 

environment [76]. 

I.2.8.4 Fracture 

Fractures are classified according to when they occur into two categories: intraoperative and 

postoperative fractures. Inserting an uncemented component is frequently related to 

intraoperative fracture. In an uncemented THA, as large a component as possible should be 

inserted into the medullary canal of the femur or into the acetabulum [73]. The idea is to 

press-fit an uncemented component into the bone, however doing so increases the risk of the 

bone breaking, especially for those who are elderly or have severe osteoporosis. Wires 

cerclages can be used to quickly fix a femur that has only cracked and not broken into 

fragments. Trauma from a fall or a car accident might result in a postoperative fracture, which 

is challenging to cure due to the prosthetic stem's presence [73]. Figure I.12 illustrates a stem 

breakage as an example. 

 

Figure I.12: Radiograph of an example a broken femoral stem in a THA [67]. 
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I.2.9 Conclusion 

The total hip prosthesis is an ideal solution for patients who suffer from severe pain and 

functional problems in the joints. Although the success of total hip replacement in improving 

people's lives, problems may arise and can have a negative impact resulting in poor functional 

results.  

The major problem is that hip prostheses contain metal and are likely to release metal 

particles in patients who wear them through friction and corrosion that manifest at the 

implant-bone interface which leads to toxicity and inflammation thus the implant is damaged. 

Therefore, must the development of biomaterials to reduce problems of total hip prosthesis 

and improve their properties to enhance the lives of people suffering. 
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I.3 GENERALITY ON THE MATERIAL STUDIED 

I.3.1 Introduction 

The study of nanostructured materials has grown in popularity in recent years. This is due to 

recent advances in materials synthesis and characterization techniques, as well as the 

realization that these materials have a variety of interesting and unexpected mechanical, 

physical, and chemical properties with a variety of potential technological applications [77].  

Especially, nanostructured Ti-based biomaterial alloys are widely used in the biomedical 

field; they are the most attractive biomaterials for orthopedic implants (hip prostheses). 

I.3.2 Generality of Titanium  

Titanium is now one of the most important metals in the industry. It was first discovered in 

England by Gregor in 1790, but it did not receive a name until Klaproth named it the Titans 

in 1795 [78]. Chemically, titanium is the transition element in group IV and period 4 of 

Mendeleev’s periodic table with an atomic weight of 47.9 and an atomic number of 22. 

Titanium, as a transition element, has an incompletely filled d shell in its electronic structure 

[78]. 

 

 

 

 

 

 

 

 

Figure I.13: Titanium location in periodic table [79]. 

Titanium is present in the earth's crust at a concentration of about 0.6 %, making it the fourth 

most abundant structural metal after aluminum, iron, and magnesium [80], but it is not found 

naturally in the metallic state due to its high reactivity in the presence of oxygen. As a result, 
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titanium-rich ores are scarce and mostly comprised of oxygen, iron, and carbon. Rutile (97-

98.5 % TiO2) and ilmenite (a mixture of titanium and iron oxides with a maximum titanium 

content of 30 %) are the two main ores mined for titanium production [81]. 

The increased use of titanium and its alloys as biomaterials is due to their superior 

biocompatibility and excellent corrosion resistance due to the thin surface oxide layer, as well 

as good mechanical properties, such as a certain elastic modulus and low density, which give 

these metals mechanical properties similar to those of bones [82]. Table I.3 shows some 

important properties of titanium compared to other metallic materials. 

Table I.3: Selected physical properties of titanium, compared to some metals [83]. 

 Ti Ni Al Fe 

Density [g/cm3] 4.5 8.9 2.7 7.9 

Melting point [°C] 1670 1455 660 1538 

Thermal conductivity [W/mK] 15-22 72-92 221-247 68-80 

Elastic modulus [GPa] 115 200 72 215 

Reactivity with oxygen Very high Low High Low 

Corrosion resistance Very high Medium High Low 

Metal price Very high High Medium Low 

 

I.3.3 Crystal structure of Titanium 

Titanium transitions from one crystalline form to another through an allotropic transformation 

[84]. At low temperatures (Below 882 ± 2 ºC), It has a hexagonal-close-packed structure 

(hcp), called α titanium (α-phase), whereas at high temperatures (above 882 ± 2 ºC) the stable 

structure is body-centered cubic (bcc), which is referred to as β titanium (β-phase). The 

corresponding transformation temperature is known as the β-transus temperature and its value 

for pure titanium is 882±2 °C [84]. The two crystallographic forms of titanium are given in 

Figure I.14. 
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Figure I.14: Crystal structures of titanium: a) hexagonal close-packed (α-phase); b) body centered-cubic (β-

phase) [84]. 

In general, the existence of the two different crystal structures and the corresponding 

allotropic transformation temperature is of central importance since they are the basis for the 

large variety of properties achieved by titanium and its alloys [84]. 

I.3.4 Allotropic transformation 

The allotropic transformation β ↔ α of titanium is of martensitic type, according to the 

mechanism proposed by Burgers in 1934 for the zirconium [85]. One can pass from the cubic 

form centered to the hexagonal form by a weak displacement (less than an interatomic 

distance), of a few atoms and by a slight rearrangement of these, without any diffusion (Fig. 

I.15) [85]. Bürger’s relations between these two phases α and β are characterized by: 

{110} β //{0001} α and [111] β // [112̅0] α 

The bcc → hcp transformation in titanium would be the result of athermic germination (via a 

shearing mechanism involving atomic displacements at short distances) and followed 

possibly, in the case of slow cooling, by a thermally activated growth [85]. 

(a) (b) 
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Figure I.15: Schematic representation of allotropic transformation β → α in titanium [86]. 

I.3.5 Titanium alloys 

I.3.5.1 Alloying elements of titanium   

Titanium is the transition element; it can combine with other elements to form solid solutions 

either by insertion or substitution in the lattice according to the nature of the elements of 

addition [87]. This results in a diverse range of titanium alloys. These elements will modify 

the stability domains of the β and α phase and thus influence the value of the β-transus 

temperature [87].  

The alloying elements for titanium alloys based on their influence on stabilizing α or β phases 

are classified into 3 categories:  α-stabilizers, β-stabilizers and neutral elements [83] (Table 

I.4): 

I.3.5.1.1 The α-stabilizers  

Stabilize the α-phase to higher temperatures, and increase the β-transus temperature [88]. 

Titanium can have substitutional alloying elements like Al which is the only one that forms a 

solid substitution solution, as well as interstitial elements such as C, N, and O [89]. 
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I.3.5.1.2 The β-stabilizers  

Stabilizes the β-phase to lower temperatures [88], and decrease the β-transus temperature 

[89]. They are classified into two types: namely β-isomorphous and β-eutectoid. 

 β-isomorphous: Like Mo, Ta and V, they are much more important because of their 

much higher solubility in titanium [84]. 

 β-eutectoid: Among β-eutectic elements are Fe, Mn, Cr, Co, Ni, Cu, Si, and H, these 

elements can lead to the formation of intermetallic compounds [84]. 

I.3.5.1.3 Neutral elements  

Sn and Zr are considered neutral elements because they have no effect on the β-

transformation temperature [90]. 
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Table I.4: Influence of different addition elements on the β transus of titanium [91]. 

Categories Phase diagram Insertion Substitution 
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I.3.5.2 Classification of Titanium alloys 

Titanium alloys can be classified into five main classes which depend mainly on the alloying 

additions and phases present in the microstructures [92]. Figure I.16 depicts a schematic 

binary phase diagram demonstrating the effect of both α and β stabilizing elements. 

 

 

 

 

 

 

 

 

 

 

 

Figure I.16: Classification of Ti alloys according to their composition chemical. 

I.3.5.2.1 Alpha alloys (α) 

These are single-phase alloys that have been reinforced by the inclusion of neutral alloying 

components or α stabilizer such as aluminum and tin [92]. The important characteristic of 

these alloys is that they have acceptable strength, toughness, and weldability but are less 

forgeable than β alloys [93]. α alloys are suitable for cryogenic applications due to the 

absence of a ductile-brittle transformation, which is a property of the bcc structure [93]. 

I.3.5.2.2 Near α alloy  

Near α alloys, which small additions of β stabilizers (1 to 2 %) improve strength and 

workability and are an excellent compromise between the higher strength of α+β alloys and 

the creep resistance of simple α alloys [92]. This class includes the most widely used 

commercial high-temperature Ti alloys for aero-engine applications [92]. 
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I.3.5.2.3 (α+ β) alloys  

These alloys have a higher concentration of beta stabilizers (4 to 6 %) [92]. Heat treatment of 

beta alloys can result in a wide range of microstructures and mechanical property 

combinations. The alloy Ti-6Al-4V is an example of α + β type alloy [89, 94]. Because of its 

high availability, excellent workability, and enhanced mechanical behavior at low 

temperatures, this alloy is the most common composition among titanium alloys, and it is still 

widely used as a biomaterial, primarily in orthopedic implant devices [89, 94]. 

I.3.5.2.4 Metastable β alloys 

Metastable β alloys, often known as near β-alloys, have 10-15 % β-stabilizers and a small 

amount of α-stabilizers. This source indicates that these alloys can be heat treated by aging, 

resulting in a very fine α phase dispersed in the β matrix [83]. β stabilizers promote phase 

retention in metastable circumstances at ambient temperature. These alloys can also be 

hardened to a strength level greater than 1400 MPa and optimize strength and toughness [83]. 

I.3.5.2.5 β alloys  

A significant addition (30 %) of β stabilizers results in the retention of β as a stable phase at 

room temperature [89]. Because of their high densities and low ductility, beta alloys are used 

for highly specialized burn-resistance and corrosion-resistance applications [89].  

I.3.5.3 Titanium alloys properties 

For the application of titanium alloys in medical sectors like orthopedics and orthodontics, as 

well as in cardiovascular and reconstructive procedures, they must have great mechanical 

properties (low density, low Young's modules), high biocompatibility, and superior corrosion 

resistance [95-99]. 

I.3.5.3.1 Corrosion of titanium and its alloys 

Corrosion resistance is one of a metallic material's primary features used in the environment 

of the human body [100]. The performance of an implant is directly related to its ability in 

functioning in aggressive body fluids [89]. These liquids often contain several acids and a 

specific quantity of NaCl. In normal conditions, its pH is 7; however, it may be altered due to 

immune system response, like in the case of an infection or inflammation [89]. The implant 
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component may lose its integrity in the case of corrosion, which would fail. Furthermore, the 

discharge of corrosion products may trigger harmful biological processes [89].  

Titanium is regarded as a stable metal with excellent corrosion resistance than copper and 

stainless steel [95], this good corrosion resistance is due to the formation of a thin oxide layer 

on its surface, which separates the metal from its environment [101-103]. 

The thickness of passive films formed on these metals is 4 to 6 nm, which protects them from 

corrosion and slows down the release of titanium ions [104]. This oxidation layer consists of a 

mixture of TiO2, TiO, and Ti2O3 oxides, the most stable being titanium dioxide (TiO2) [104]. 

I.3.5.3.2 Biocompatibility  

One of the most crucial elements affecting the biocompatibility of metal implants is corrosion 

behavior [100]. This is due to the fact that the metal ions that corrosion releases have a variety 

of negative effects [98, 104]. Among the biomaterials, titanium is considered to have 

excellent biocompatibility, manifested in various applications: orthopedic devices (hip and 

knee joint, fixation plates on the bone, screws), dental implants, maxillofacial surgery, etc 

[105, 106]. It has high mechanical strength and a modulus of elasticity that makes it 

compatible with bone structures [104]. 

I.3.5.3.3 Wear resistance  

Generally, the wear resistance of titanium alloys is less than that of other biomaterials like 

Co-Cr alloys and alumina [107]. The titanium alloys used in biomedical applications need to 

have better wear resistance. The wear mechanisms for titanium alloys are roughly grouped 

into abrasive wear and adhesion wear [107].  

Orthopedic implants malfunction when worn debris gets into the surrounding tissues, causing 

tissue injury, inflammation, and impaired implant functionality [91]. Replacement is usually 

necessary for this, involving costly revision surgery that has a lower success rate than the 

original procedure [91]. Moreover, the formation of wear debris at the interface between the 

orthopedic implant and the human body is made worse by the presence of foreign materials 

such as metal beads, cement particles, or hydroxyapatite from coatings [91]. Therefore, in 

order to better adapt to the harsh circumstances found inside the human body, extensive 
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scientists concentrate on creating and improving the tribological performance (wear rate, 

coefficient of friction (COF)) of these materials during the design stage [108-111, 2]. 

I.3.5.3.4 Young's modules  

The resistance of a material to deforming under stress is known as the elastic modulus 

(Young's modules). According to Wolff's law, the bone will adjust to the load it is placed 

under and vice versa [112]. This means that if an orthopedic biomaterial has a much larger 

elastic modulus than what it is replacing, the surrounding bone will suddenly be placed under 

much less stress than it typically endures. As a result, this causes bone atrophy, an increase in 

osteoclast activity, and finally aseptic loosening (a major cause of implant failure), this 

tendency is frequently referred to as "stress shielding" [112]. The kind of bone (cancellous or 

cortical) affects the elastic modulus of bone. Although titanium has a larger elastic modulus 

than that of the outer cortical bone it replaces in total hip arthroplasties, its elastic modulus is 

still lower than many of the other metals used in orthopedics [112]. 

I.3.6 An overview about the study alloy Ti-Ni SMAs (Nitinol) 

Shape memory alloys (SMAs) are one among many varieties of smart materials. SMAs are 

relatively new kind of metals that will show unique ability of "retaining  " its set shape and a 

practical phenomenon of shape shift. Deformation occurs at a relatively low temperature, 

whereas shape memory effect (SME) occurs on heating [113]. Among the various SMAS 

alloys is the Ti-Ni which is used in various applications especially, in the area of health [114]. 

The Ti-Ni or Nitinol is a group of titanium-based intermetallic compounds with almost equal 

amounts of titanium and nickel. It was discovered by William J. Buehler and his coworkers in 

the Naval Ordnance Lab (NOL) in 1963, which is why this alloy is more commonly known as 

"nitinol" where "niti" refers for nickel-titanium and "nol" means to Naval Ordnance Lab 

(NOL) [115]. 

The atomic structure of nitinol is a three-dimensional symmetric grid, with each atom of 

nickel surrounded by four atoms of titanium (Fig. I.17). The atomic forces that bind these 

atoms create a unique crystal structure that can exhibit a transition between two phases [116]. 

The first phase, known as the austenite phase, is a high-temperature, stronger state. The 

second phase, the martensite phase, is a low-temperature, unstable, weak phase [116]. The 

transformation between the two phases gives nitinol its unique physical properties [116]. 
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Figure I.17: Atomic structure of nitinol: a) Martensite; b) Austenite. 

The Ti-Ni Shape memory alloys (SMAs) have received a lot of interest lately because of their 

desirable properties: 

 Shape memory effect (SME): is the result of a material changing from one crystal 

form to another as it is cooled or heated over a range of typical transformation 

temperatures [117]. In Nitinol, the change is from an ordered cubic crystal structure 

(austenite) to a monoclinic crystal phase (martensite) [117]. 

 Superelasticity (pseudo-elasticity): Superelasticity (or pseudo-elasticity) refers to the 

ultra high elastic behavior of the alloy under stress: typical reversible strains of up to 

10 % elongation can be achieved in a superelastic Nitinol wire as compared to 0.5 % 

reversible strain in a steel wire, for example [118]. The superelastic behavior appears 

in the austenitic phase when stress is applied to the alloy and the alloy changes from 

the austenitic phase to the martensitic phase [118].  

 Low elastic modulus: The elastic modulus of Ti-Ni alloy has been found to range 

from 20 GPa to 50 GPa for martensite and 40 GPa to 90 GPa for austenite, which is 

substantially closer to that of natural bone (≈30 GPa) [117]. The low modulus is 

advantageous in the orthopedic field because it transfers the necessary stress to 

neighboring bone without causing bone resorption, thus avoid loosening of implants 

and giving implants a longer service period to prevent revision surgery [117]. 

 Good corrosion resistance and biocompatibility: Numerous in vitro and in vivo 

experiments show that Ti-Ni alloy has excellent corrosion resistance and 

biocompatibility, mostly because a passive dense titanium-oxide layer forms on its 

surface (TiO2) [117]. 

 Ni 

Ti 

(a) (b) 
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Figure I.18: Schematic illustration of shape memory effect. 

I.3.7 Phase diagram of Ti-Ni 

Figure I.19: Phase diagram of a Ti–Ni alloy [119]. 

The phase diagram of the Ti-Ni alloy system is crucial for improving the properties of alloys 

during heat treatment (Fig. I.19). It presents four phases of equilibrium are: Ti2Ni, TiNi, 

TiNi3, and Ti3Ni4 [120]. 
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 The TiNi phase has a B2 (CsCl) type ordered structure with a lattice constant of 

0.3015 nm at room temperature. The B2 phase retains upon quenching or slow 

cooling to room temperature. This is the phase that plays an essential role in the 

martensitic transformation and the associated shape memory effects. 

 The Ti2Ni phase is cubic with space group Fd3m. The lattice constant is 1.132 

nm and the unit cell contains 96 atoms.  

 The TiNi3 phase has the hexagonal DO24 type ordered structure. The lattice 

constants are a = 0.51010 nm, c = 0.83067 nm and c/a = 1.6284 

 The Ti3Ni4 has a rhombohedral structure with space group R3. The lattice 

constant is a = 0.670 nm [120]. 

I.3.8 Biomedical applications of Ti-Ni alloy  

Ti-Ni alloy is important biomaterials due to its unique characteristics, including shape 

memory effect, superelasticity, excellent resistance corrosion and biocompatibility, etc. It has 

been widely used in the biomedical field: 

 Applications of Nitinol as arch wire           

For more than 20 years, dental professionals have utilized nitinol as an orthodontic arch wire. 

Nitinol can be utilized in orthodontics because of its large strain recovery capacity and due to 

the generation of stresses that are useful for the alignment of teeth in the orthodontic process. 

It has better pitting resistance than stainless steel when used as orthodontic arch wire in saliva 

solution [115]. 

 Applications of Nitinol in stent 

These alloys can be employed as stents and blood clot filters in cardiovascular treatments 

because they change shape following phase transformation [115]. 

 Applications of Nitinol as guided wire and in endoscopes 

Guided wire is a thin metal wire.  It is inserted through a minor cut or a natural hole. The risk 

of harm is decreased by using Ti-Ni shape memory alloy in guided wire [115]. Endoscopes 

are one of the most complex medical devices that use shape memory alloys. The introduction 
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of nitinol shape memory alloy significantly improved the flexibility and control of endoscopes 

[115]. 

 Applications of Nitinol in orthopedics 

In orthopedic surgery, a Ti-Ni shape memory alloy is an excellent choice of material. It has 

been used for bone plates to determine and fix fracture spine in scoliosis device (for example, 

in higher shoulder) operation. Ti-Ni can also be utilized as an implant since its elastic 

modulus is too similar to that of human bone [115, 121, 122]. Figure I.20 shows some of the 

biomedical applications of nitinol [115]. 

 

 

 

 

 

 

 

 

 

Figure I.20: Biomedical applications of nitinol: a) Orthodontic arch wire; b) Guided wire; 

c) Bone fixation; d) Stent [115]. 

I.3.9 Conclusion 

Shape memory alloys are fascinating materials that open up a wide range of uses. One of the 

most these materials is Ti-Ni alloys; which have attracted increasing attention as smart 

materials for a variety of applications particularly in the field of orthopedics due to their 

excellent properties. 

 

(a) (b) 

(c) (d) 
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I.4 NANOMATERIALS 

I.4.1 Introduction 

Over the past century, "nanotechnology" has experienced significant growth. And today, 

nanotechnology is a major topic of research in many different fields [123]. Nanotechnology is 

generally understood to be the study, manipulation, and reorganization of matter on the order 

of nanometers (i.e., less than 100 nm) to produce materials with essentially novel properties 

and capabilities [124]. The Greek word "Nanos" or the Latin word "nanus," which both imply 

"dwarf," are the origins of the word "nano" [123]. 

The "nanomaterials" are the fundamental and essential components of nanotechnology.  Due to 

their outstanding electrical, optical, magnetic, and catalytic capabilities, they have been 

receiving a lot of attention. It is well recognized that the shapes, sizes, and morphologies of 

nanomaterials greatly affect their characteristics and prospective uses; as a result, current 

research has focused heavily on the controlled synthesis of nanostructured materials with 

unique morphologies [124]. 

I.4.2 Properties of nanomaterials 

The characteristics of nanomaterials are notably different from other materials due to two 

main factors: Quantum effects and an increased relative surface area [125]. Some of the 

properties of nanomaterials are listed below: 

 Thermal conductivity 

Nanomaterials have a very high thermal conductivity because covalent bonds vibrate and it is 

also due to minimum defects in the structure. Its thermal conductivity is 10 times greater than 

the metal [125]. 

 Mechanical properties 

The bonds between atoms affect mechanical properties like hardness, elasticity, and ductility. 

Changes in these properties are brought on by imperfections in the crystal structure and 

impurities. The carbon nanotubes are 20 times stronger than steel [126]. 
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 Electrical properties 

The electrical properties of nanomaterials vary between metallic to semiconducting materials. 

It is based on the nanoparticles' diameter. This high electrical conductivity is caused by the 

structure's little flaws [125]. 

 Optical properties 

The optical characteristics of nanomaterials are among their most interesting and beneficial 

features, these characteristics are affected by several factors such as feature size, shape, 

surface characteristics, doping, and interactions with the environment or other nanostructures 

[127]. Applications based on nanoparticles' optical characteristics include lasers, optical 

detectors, sensors, imaging, display, solar cell, photocatalysis, and biomedicine [127]. 

I.4.3 Classification of nanomaterials 

Nanomaterials can be classified according to their origin, their dimensions, and their 

constitutive materials.  

I.4.3.1 Classification of nanomaterials according to dimensionality 

Based on their dimensionality, nanomaterials are divided into four classes [128]: 

 Zero-dimensional nanomaterials (0D): have all their dimensions in the nanoscale i.e., 

sized below 100 nm (e.g. Spheres, and nanorods, etc). 

 One-dimensional nanomaterials (1D): are materials with one dimension not in the 

nanoscale while the other two dimensions are in the nanoscale (e.g. metallic, ceramic, 

nanotube, and nanofibers, etc). 

 Two-dimensional nanomaterials (2D): contain only one dimension in the nanoscale 

while the other two are not (e.g. thin films). 

 Three-dimensional nanomaterials (3D): materials have a range of dimensions 

beyond 100 nm (e.g. polycrystals, pillars, etc). 
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Figure I.21: Dimensionality-based classification of nanomaterials: a) 0 D Spheres and Clusters; b) 1 D 

Nanofibers, Wires; c) 2 D thin Films, Plates; d) 3 D Nanomaterials [129]. 

I.4.3.2 Classification of nanomaterials according to origin 

Nanomaterials can be classified according to their origin on: natural and synthetic. 

I.4.3.2.1 Natural nanomaterials 

Inorganic nanomaterials can be found naturally in soils, erupting volcanoes, forest fires, 

sandstorms, and other natural phenomena. For instance, some types of clay are made of 

stacked nanoplates that are 1 nm thick and 70 to 150 nm wide [130]. Some nanomaterials can 

also be found naturally in living things, such as ferritin, a protein that stores iron, and calcium 

hydroxyapatite, a hard nanocrystalline substance that makes up bones [130]. Additionally, 

nanomaterials are produced accidentally through human action. This includes, for example, 

internal combustion engines, power plants, incinerators, and jet engines, etc [130]. 

I.4.3.2.2 Synthetic (engineered) nanomaterials  

An extensive variety of chemical components are used in the production of nanomaterials, for 

example, semiconductors, metals, carbon, metal oxides, and polymers [130]. They are created 

for certain purposes; and come in a large variety of forms: spheres, wires, fibers, rods, tubes, 

shells, and plates, etc [130]. 

I.4.3.3 Classification of nanomaterials according to constitutive materials 

Nanomaterials are now categorized as carbon-based, metal-based, dendrimers, and 

composites depending on their construction [131]. 

 

 

(a) (b) (c) (d) 
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I.4.3.3.1 Carbon-based nanomaterials 

Generally, the primary element in this kind of nanomaterial is carbon; it can be seen in 

morphologies like spheres, ellipsoids, or hollow tubes [132]. 

I.4.3.3.2 Metal based nanomaterials 

Metal-based nanomaterials are metal-based substances that are generally included nanogold, 

nanosilver, quantum dots, and metal oxides like Titanium dioxide [131]. 

I.4.3.3.3 Dendrimers 

Dendrimers are branched components that form polymers [131]. They are fewer than 10 nm 

in size, contain structures and enclose internal cavities [133]. Dendrimers are used in 

biomedicine for things like cancer treatment, pain control, and other things [131]. 

I.4.3.3.4 Composite-based nanomaterials 

A polyphase solid substance called a nanocomposite [132]. They could consist of any mix of 

metal-based, carbon-based, or organic-based nanoparticles with any form of metal, ceramic, 

or polymer bulk materials [132]. 

I.4.4 Fabrication methods of nanomaterials 

The methods used to create the nanomaterials can be divided into two categories: 

I.4.4.1 Bottom-up methods 

Bottom-up or constructive method is the build-up of material from atom to clusters to 

nanoparticles. The following are the most typical bottom-up techniques for manufacturing 

nanomaterials: Sol-gel, spinning, chemical vapour deposition (CVD), pyrolysis and 

biosynthesis [134, 135]. 

I.4.4.2 Top-down methods 

The top-down or destructive method is the reduction of bulk material to nanometric scale 

particles [134, 135]. The most commonly used bottom-up methods are: High-energy ball 

milling, mechanochemical synthesis, and severe plastic deformation [136-138]. 
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I.4.5 Processes used in the elaboration of Ti-Ni alloys: 

I.4.5.1 Elaboration of the powders 

Several techniques are used for the synthesis of the alloys. Among them is: High-energy ball 

milling (mechanical process). 

I.4.5.1.1 High-energy ball milling 

High-energy ball milling is also called mechanical alloying [139]. It is a method for creating 

nanostructured materials in powder form with an average particle size of less than 100 nm 

[140], which involves placing a powder mixture in a ball mill and subjecting it to high-energy 

collisions from the balls [139]. The main of most frequent types of mills for high-energy 

milling are shown in Figure I.22. 

 

 

 

 

 

 

 

 

 

Figure I.22: Types of mills for high-energy milling: a) ball mill; b) planetary mill; c) vibration mill;  

d)-attritor (stirring ball mill); e) pin mill; f)-rolling mill [141]. 

I.4.5.1.2 Planetary ball milling 

The planetary mill is one of the high-energy ball mills, which is used for efficient and 

precision milling. Thus, elastic/plastic deformation occurs during the collisions of the powder 

particles between two colliding balls [142, 143]. 

 

(a) (b) (c) 

(d) (e) (f) 
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I.4.5.1.2.1 Principle 

The planetary mill is composed of a disc on which is fixed the jars; the disc turns in one 

direction and jars in the opposite direction [144]. The ball-powder motion inside the ball mill 

is shown in Figure I.23. 

When the jar and the disc spin in opposite directions produced centrifugal forces. These act on 

the grinding balls and material inside the jar. As the jar and the disc rotate in opposite 

directions, the centrifugal forces act alternately in the same and opposite directions [144, 

145]. This causes the grinding balls to run down the inside wall of the vial (friction effect on 

the powder) and then they fly to the other side of the jar hitting the powder (impact effect). 

The interplay between these forces is responsible for the size reduction of particles and at the 

same time the microstrains produced in them [144, 145]. 

 

 

 

 

 

 

 

 

Figure I.23: The ball-powder motion inside the planetary ball mill. 

I.4.5.1.2.2 Parameters influencing the nature of the product in the planetary ball milling 

The primary variables that affect particle size reduction in planetary ball milling are rotation 

speed, ball size, ball-to-powder weight ratio, milling medium, milling time, etc. Because of 

the variety of the powder materials, the selection of parameters varied substantially [146]. 
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 Milling time 

In the ball milling process, the milling time is a crucial variable for the phase formation, 

microstructural distribution, and homogeneous distribution of components [147-149]. It 

affects the composites' physicochemical-mechanical characteristics as well. With longer 

milling times, the size of the nanomaterial reduces [147-149]. 

 Ball-to-powder weight ratio 

The ball-to-powder ratio is a fundamental parameter of milling operations. It can vary from a 

value as low as 1:1 to as high as 220:1 [144]. This has a significant effect on the time required 

to achieve a particular phase in the powder being milled. With the increase in this ratio, the 

shorter the time required [144].  

 The milling atmosphere 

The contamination of the powder is the main consequence of the milling atmosphere. In 

general, inert gases (Ar, He) are used to avoid contamination [144]. 

 Milling speed 

The size of the grain boundaries and the particle size are substantially impacted by milling 

speed. With the increase in milling speed, there was a consequent reduction in the size of the 

particles [147]. Low milling speeds also resulted in minimum surface imperfections and 

roughness, whereas high milling speeds led to more strain hardening and thermal softening 

[147]. 

 Ball size 

The size of the balls used for milling has a greater impact on the crystal size, yield of 

production, and energy consumption [147]. The efficiency of the milling increases with 

smaller diameter balls (sized 10 mm or lesser) [147]. 

I.4.5.2 Powder metallurgy 

Powder metallurgy is a process for developing a solid material from powders metallic without 

going through fusion but using thermal and/or mechanical techniques [150]. This method 
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generally includes compression of the powder and then sintering [150]. It can be characterized 

by the following three keywords: powder, pressure, and temperature. The different 

manufacturing methods on which it is based make it possible to obtain porous or non-porous 

parts of various shapes, sizes, and masses [151]. 

I.4.5.2.1 Methods of shaping from powders 

A common technique for creating semi-finished components from powder is compaction 

[152]. This stage aims to put the obtained powder mixture into the molds and bring them to 

the required shape and size [153]. Powder compacts can be produced via uniaxial pressing 

and hot isostatic pressing. 

I.4.5.2.1.1 Uniaxial pressing 

Uniaxial pressing is the most popular technique for compaction for creating PM components. 

The compaction cycle is consists in the following three steps [152]: 

 Filling the matrix with the powder. 

 Compacting the powder.  

 Ejecting the powder compact from the matrix. 

 

 

 

 

 

 

 

 

 

Figure I.24: The different steps of powder compression. 
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I.4.5.2.1.2 Hot isostatic pressing 

 

Hot isostatic pressing (HIP), is a manufacturing technique in which a work piece (often 

powder) is simultaneously subjected to high temperature and pressure, causing the powder to 

consolidate [154]. An inert gas, such as argon or nitrogen, is employed as the pressure 

medium [154]. 

 

 

 

 

 

 

 

 

 

Figure III.25: A schematic representation of HIP equipment. 

I.4.5.2.2 Sintering 

Sintering is the process of compressing and shaping an object into a solid mass under pressure 

or heat without melting it to the point of liquefaction [155, 100]. As a result of the process, the 

porous structure in the piece disappears and it gains strength and stiffness stably [153]. There 

are two categories of sintering processes: liquid-phase sintering and solid-state sintering.  

Liquid-phase sintering happens when a liquid phase is present in the powder compact during 

sintering, while solid-state sintering occurs when the powder compact is densified wholly in a 

solid state at the sintering temperature [156]. 
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I.4.6 Conclusion 

Nanotechnology and research in this area are increasing in popularity every day for improving 

our lives, especially in the biomedical field.  

Mechanical alloying, pressing, and sintering are critical processes in the production of 

materials with good mechanical properties, good biocompatibility, as well as high resistance 

to corrosion and wear making them suitable for biomedical uses. 

I.5 CONCLUSIONS 

We have reported in this chapter some of the general aspects relating to biomaterials, total hip 

prostheses and their problems, as well as the materials of the study. In addition, we have 

described all methods utilized in the production of our alloys including, high energy ball 

milling, pressing, and sintering.  

A total hip prosthesis also known as a total hip arthroplasty (THA), is generally considered an 

ideal solution for those with extensive hip joint damage brought on by degenerative illnesses, 

fractures, or osteoarthritis.  

The mechanisms responsible for the loosening of the total hip prosthesis are mechanical, i.e. 

related to the problems of friction, resistance to wear, corrosion, design of parts, and also the 

biological factor. In this context, this study aims to improve the mechanical, tribological, and 

electrochemical properties of total hip prostheses made of one of the titanium alloys which 

nanostructured Ti50-Ni50 alloys enabling them to bind to body tissue without causing any 

unfavorable effects.  
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II. INTRODUCTION 

This Chapter presents the elemental powders and the different techniques used in this work. We 

start by the procedures employed for the synthesis of Ti50-Ni50 alloys, which include milling by 

using Fritsch Pulverisette P7 planetary ball mill, pressing, and sintering. Then, we provide the 

various characterization techniques that are used to identify specific structural, mechanical, 

tribological and electrochemical properties.  

The main experimental techniques utilized to examine the structural evolution, the morphology, 

as well as the uniformity of chemical composition of the samples are: X-ray diffraction (XRD) 

and scanning electron microscopy (SEM) coupled with an energy dispersive spectroscopy 

(EDS). The mechanical properties (Young’s modulus, hardness) were determined by 

nanoindentation test, while the roughness was measured with a profilometer. A ball-on-plate 

tribometer was used to measure the samples' wear rate and friction coefficient which was 

operated under applied loads of 2, 10, and 20 N. Additionally, open-circuit potential (OCP) 

measurement, potentiodynamic polarization (PD), and electrochemical impedance spectroscopy 

(EIS) were used to characterize the electrochemical features of alloys. 

II.1 ELABORATION OF Ti50-Ni50 ALLOYS 

II.1.1 Materials of study  

Materials used to produce Ti-Ni alloys are metal powders of Ti and Ni supplied by Sigma-

Aldrich, Germany (Refer Fig. II.1), their chemical compositions and characteristics are given in 

the Table II.1 bellow. 
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Figure II.1: SEM micrographs of as-received powders particles of pure: a) Ti, b) Ni. 

Table II.1: The chemical compositions and characteristics of Ti and Ni powders. 

Properties Ti Ni 

Purity                     99.98%   

Particle Size (µm) < 50 < 55 

Fe (at.%) 0.0035 0.0033 

O (at.%) 0.0058 0.0031 

C (at.%) 0.0036 0.0076 

N (at.%) 0.0024 0.0028 

H (at.%) 0.0047 0.0032 

Melting point (°C) 1670 1455 

Density (g/cm3) 4.5 8.9 

Production Process Hydriding Hydriding 

 

II.1.2 Synthesis methods 

In our study, the fabrication of the binary Ti50-Ni50 alloys goes through the following steps: 

II.1.2.1 Weighing of powders 

The elementary powders of Ti and Ni were weighed using an analytical balance (Fig. II.2) with a 

chemical composition of 50 %/50 % atomic ratio (at.%). 

 

a) b) 

100 µm 100 µm 
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Figure II.2: Analytical balance. 

II.1.2.2 Milling process 

After weighing the elemental powders, they were milled at different milling times (2, 6, 12, and 

18 h) by using a high-energy Planetary Micro Mill Pulverisette P7, Fritsch GmbH, Germany; 

(Fig. II.3) equipped with two hardened vial (100 ml) containing agate balls (10 mm in diameter). 

The ball-to-powder ratio (BPR) used for this operation was 10:1, and the milling speed was 400 

rpm. After every 15 minutes of grinding, the procedure was halted for 5 minutes in order to 

prevent an excessive increase in the temperature within the vials. The milling method was 

utilized to obtain powders with desired particle size and homogeneity. 

 

 

 

 

 

 

 

 

Figure II.3: a) planetary ball mill (Fritsch P7); b) hardened vials and balls. 

(a) (b) 
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II.1.2.3 Pressing 

Compressed powders were produced by uniaxial pressing (a cold method) and hot isostatic 

pressing (a hot method). Firstly, the milled powders were compacted by uniaxial press into 

circular discs by a rigid steel die to obtain cylindrical samples with a diameter of 13 mm under 

the pressure of 93 MPa. After that, the samples obtained were pressed by the hot isostatic press 

type (Press Assembly, Germany) at 1050 °C and pressure of 150 MPa for 45 min. 

 

 

 

 

 

 

 

 

 

 

 

Figure II.4: Machines used in the pressing process: 

a) Uniaxial press machine        b)  Hot isostatic pressing machine 

II.1.2.4 Sintering process 

The HIPed samples were sintered for 4 hours at 1250 °C under 3 × 10-5 mbar using the 

previously mentioned machine (Press Assembly; Germany), with heating and cooling rates of 20 

°C/min and 5 °C/min, respectively. The pellets' sintering process cycle is shown in Figure II.5. 

 

 

(a) (b) 
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Temperature (°C) 

                        Heating rate                  Holding time = 4h    Slow cooling  

  

    

             20 °C /min 

  

    

   Time (h) 

Figure II.5: Sintering process cycle of the pellet. 

The synthesis procedure used to manufacture Ti50-Ni50 alloys, which includes milling, pressing, 

and sintering, is summed up in Figure II.6. In addition to that, the characterization methods used 

were illustrated. 
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Figure II.6: An illustration diagram of the synthesis of the Ti50-Ni50 samples. 
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II.2 CHARACTERIZATION TECHNIQUES 

II.2.1 STRUCTURAL CHARACTERIZATION TECHNIQUES 

The study of the microstructural of the Ti50-Ni50 alloys milled at different grinding times has 

required the use of various characterization techniques among them: X-ray diffraction (XRD), 

scanning electron microscopy (SEM), and energy dispersion spectrometry (EDS). For the 

quantitative analysis of the microstructure and morphology of the milled Ti50-Ni50 powders, a 

SEM was used which is coupled with EDS to determine the chemical composition. The formed 

phases and crystal structures of Ti50Ni50 alloys were identified by XRD. 

II.2.1.1 X-ray diffraction  

X-ray diffraction (XRD) is a powerful and widely used nondestructive technique for 

characterizing crystalline materials. It offers details on structures, phases, and other structural 

parameters, such as crystalline size and microstrain. 

a) Principle 

Constructive interference between monochromatic X-rays and a crystalline sample is the 

foundation of X-ray diffraction. A cathode ray tube produces the X-rays, which are then filtered 

to produce monochromatic radiation, collimated to concentrate, and pointed at the sample [1] 

(Fig. II.7). According to Bragg's law, which is presented below, incident X-ray interactions with 

the sample's atomic planes result in diffracted, transmitted, refracted, scattered, and absorbed 

beams [1, 2]: 

2.dhkl.sin θ = n.λ…………………………………………………………………..……… (Eq. II.1) 

Where: n is an integer, λ is the wavelength of the X-rays, dhkl is the interplanar spacing 

generating the diffraction, and θ is the diffraction angle. 
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Figure II.7: Schematic diagram of basic principle of XRD [2]. 

b) Apparatus 

Diffraction has been achieved by a diffractometer of type (XRD, Rigaku D-MAX) equipped with 

copper radiation Cu-K <α> (λCu = 0.15406 nm), within the range of 20-80°, with a step of 0.02° 

and a scan time of 1 s/step. It was also conducted with a current of 20 mA and a voltage of 40 

KV. 

 Crystallite size calculation 

The crystallites size was calculated by using Scherer formula [3, 4]. 

𝐷 =
0.9.λ

βcosθ
 …………………………………………………...…………………………. (Eq. II.2)    

 Microstrain/Lattice strain calculation 

Microstrain was determined by the classical William-son–Hall, (W-H) equation, which is 

presented below [5, 6]: 

βcosθ =
0.9.λ

𝐷
+ 4ε sinθ……………………...……………………………….………….. (Eq. II.3)    

D 
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 Lattice parameter calculation 

The following formula was used to determine the lattice parameter (a) [7]. 

𝑎 =  
λ√h2+k2+l2

2 sinθ
  ………………………………………….…………….…...………… (Eq. II.3) 

Where:  

D is the crystallite size, λ is the wavelength of the X-radiation used, β is the peak width at half 

the maximum intensity, θ is the Bragg angle, ε the internal strain (microstrain), and h, k, l are 

Miller indices of the diffraction planes. 

II.2.1.2 Scanning electron microscopy 

The scanning electron microscopy (SEM) is one of the most adaptable tools for examining and 

analyzing the morphology and particle size of powders. 

a. Principle 

The fundamental principle of SEM is an electron beam with a high energy focused on it that 

causes numerous interactions between electrons and the surface of the solid sample. As a result 

of the sample's atoms being ionized by the collision of the electron beam, low-energy secondary 

electrons, a backscatter of the incident beam's electrons, Auger electrons, and X-rays that are 

specific to the elements in the sample are released [8]. Each is gathered by a unique detector that 

is properly placed. Secondary electrons provide topographical information about the surface of 

the sample whereas Backscattered electrons allow observing chemical contrast [8]. Energy 

dispersion spectrometry (EDS) coupled with SEM allows the determination of the chemical 

composition of the analyzed sample. The regions from which various signals are detected are 

depicted in Figure II.8. 
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Figure II.8: The different types of signals generated. 

b. Apparatus 

The investigation of particle size distribution, powder shape, and particle size during planetary 

milling was conducted by the SEM type TESCAN MIRA, Germany (Fig. II.9). 

 

 

 

 

 

 

 

 

 

Figure II.9: Scanning electron microscopy (SEM) machine type TESCAN MIRA, Germany. 
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II.2.2 MECHANICAL AND PHYSICAL CHARACTERIZATION TECHNIQUES 

II.2.2.1 Density and porosity measurement  

Density was measured by Archimedes Method. This technique is based on measuring the 

buoyancy of a body in the water by hydrostatic weighing. It describes the internal porosity of the 

material and not the open porosity that will be filled with water during the measurement [9]. 

According to Archimedes’ principle, the relative density can be calculated as follows [10]:  

 ρ = 
𝑊𝑎

𝑊𝑎−𝑊𝑤

ρ𝑤 ……………………..……………………………………………...…….. (Eq. II.4)    

Where: ρw: Density of distilled water (g/cm3), wa: Weight of sample in air (g), and ww: Weight of 

sample in water (g). 

Porosity was assessed using quantitative micrograph analysis using Image-Pro Plus software, and 

the results were confirmed using the following relation (Eq. II.5) [11]. 

 P = (1 −
ρsint

ρth
) × 100 %................................................................................................. (Eq. II.5) 

Where: ρth is the theoretical density of Ti-Ni (6.45 g/cm3) and ρsint is the density of the sintered 

samples. 

II.2.2.2 Hardness and Young’s modulus 

In the world of materials, hardness and Young’s modulus are crucial characteristics since these 

properties are directly influence the performance of the parts manufactured in various 

applications.  

 Apparatus 

Before the tests, the samples were polished by using polishing machine Struers ROTOPOL 22 

(Fig.II.10 (a)). This technique was used to remove surface flaws. It involves using abrasive paper 

with varying granulometry (between 800 and 4000), then followed by finishing polishing with 

diamond paste with granulometry 0.25 µm. After polishing the samples are cleaned for 10 
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minutes in an ultrasonic bath (Fig.II.10 (b)), and then rinsed with distilled water before being 

dried with hot air. 

The nanoindentation test was used to evaluate the hardness and young modulus using a machine 

(Asmec, Germany Fig. II.11) with a force of 186 mN applied and a dwell time of 10 s. For every 

sample, six measurements were taken while keeping the distance between the two indents at least 

three times the indented size. 

 

 

 

 

 

 

 

 

 

 

Figure II.10: (a) Polishing machine; (b) Ultrasonic bath. 

 

 

 

 

 

 

(a) (b) 
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Figure II.11: Nanoindentation tester (Asmec, Germany). 

II.2.2.3 Roughness analysis 

Surface roughness measures how smooth a surface texture is in areas with less than three 

dimensions, like lines or surfaces. It has a substantial impact on manufacturing, engineering and 

the sciences due to its crucial role in the physical and chemical interactions between various 

materials [12]. There is a direct relationship between roughness, mechanical properties, and 

tribological behavior of the material.  

Generally, roughness can be determined by measuring a number of parameters (Table II.2) [13].  

Some of the most commonly used are: 
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Table II.2: Some of the most commonly characteristics of surface roughness parameters [13]. 

Parameters Characteristics 

Rp 
Rp is the maximum peak height of the roughness profile within one 

sampling length (Rp= rmax). 

Rv 

 

Rv is the maximum valley depth of the roughness profile within one 

sampling length. Previously, the parameter symbol Rm was used in place 

of Rv. 

Ra 

 

Roughness average Ra is the arithmetic mean of the absolute values of the 

roughness profile ordinates. 

 

     

                                                                                                 

                                                                                                                                                 

 

                  

 

  

 

Figure II.12: Roughness measurement parameters. 

The optical profilometer type VEECOeeco-Wyko q300 (MSMP) used in the measurement of the 

average surface roughness (Ra), which was determined utilizing ISO 4287 [14]. 

II.2.3 TRIBOLOGICAL CHARACTERIZATION TECHNIQUES 

In the pursuit of reducing wear and minimizing friction in materials, various methods are 

employed to assess wear resistance. These methods include measuring the friction coefficient 

and wear rate, as well as analyzing the damage mechanisms of contact surfaces. The primary 

Sampling length (l) 

Mean line 

Ra 

Rp 

Rv 

Rz 
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wear mechanisms can be categorized as follows: abrasive wear, adhesive wear, fatigue wear and 

corrosion wear. 

 Apparatus 

Ti50-Ni50 samples were subjected to tribological testing utilizing a ball-on-plate type oscillating 

tribometer (Fig. II.13), in accordance with the ASTM G 133-95, ISO 7148-1:2012 and ASTM G 

99 standards [15]. The experiments were conducted under wet conditions with simulated bodily 

fluid (Ringer's Solution Table II.3). As the counter body, an alumina ball (Al2O3) with the 

following characteristics was employed: young modulus of 310 GPa, diameter of 6 mm, density 

of 3.97 g/cm3, and HV0.02 of 2400. The tests were conducted with a stroke length of 5 mm and a 

sliding speed of 25 mm/s, under various normal loads of 2, 10, and 20 N. SEM was used to 

examine the surface morphology following each sliding wear test. 

 

                                                              Normal load Fn (2, 10, and 20 N) 

 

            Wear track 

 Wear debris 

  

 

 

                                                     Sliding direction (25 mm/s) 

Figure II.13: Representative schematics of a ball-on-plate type oscillating tribometer. 

Table II.3: The Ringer's solution's chemical composition [16]. 

Elements KCl NaCl C8H18N2O4S CaCl2 Glucose 

Chemical composition (g.l-1) 0.19 6.43 2.38 0.27 1.80 

 

Ringer’s Solution 

 

Ti50-Ni50 

sample 

 

 Al2O3 
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II.2.4 ELECTROCHEMICAL CHARACTERIZATION TECHNIQUES 

Electrochemical studies are essential for comprehending the behavior of materials' corrosion. 

Three key techniques commonly employed in this study are: Open Circuit Potential (OCP) 

measurement, Potentiodynamic Polarization (PD), and Electrochemical Impedance Spectroscopy 

(EIS).  

The OCP measurements can indicate the formation of passive layers on metals, which are crucial 

for corrosion resistance.  

By analyzing the polarization curves, researchers can calculate corrosion rates and identify 

critical parameters such as the corrosion potential and current density. 

Electrochemical Impedance Spectroscopy (EIS) is a valuable technique used to assess the 

stability of passive layers formed on metal surfaces by analyzing changes in impedance 

parameters such as charge transfer resistance and capacitance. 

a) Preparation of the work electrode 

Ti50-Ni50 materials were cut into cylindrical specimens that were 5 mm in diameter and 5 mm in 

thickness. They were then polished, cleaned in distilled water, coated, and left in a 1 cm2 area for 

an electrochemical test. A conductor thread with an insulating coating connects the work 

electrode. 

b) The electrolyte solution 

Electrochemical tests are performed in physiological mediums simulated to the human body: 

Hank`s solution; their chemical composition is given in Table II.4. 
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Table II.4: Chemical composition of Hank’s solution [17]. 

Elements Hank (g/l) 

NaCl 8.0 

KCl 0.4 

CaCL2 0.14 

NaHCO3 0.35 

MgSO4 ahyder. 7H2O 0.1 

MgCl2 6H2O 0.1 

Na2ClHPO4. 2H2O 0.06 

KH2PO4 0.06 

Glucose 1.0 

 

c) Mounting electrochemical  

The electrochemical tests were carried out utilizing a Gamery 600-15005 potentiostat to link a 

cell to three electrodes, controlled by the Ec-Lab software and a microcomputer (see Fig.II.14 

and 15). 

- Work electrode: based on Ti50-Ni50 alloy samples. 

- Reference electrode: saturated calomel electrode (SCE). 

- Auxiliary platinum electrode. 

 

 

 

 

 

 

 

 

Figure II.14: The experimental device used for electrochemical measurements.  

Microcomputer 
Potentiostat 
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Figure II.15: Diagram of an electrochemical cell (three electrodes). 

d) Test condition 

The Open Circuit Potential (OCP) method was utilized to evaluate the abundance potential 

during a 2500-second immersion before the PD/EIS techniques were applied. The 

potentiodynamic polarization curves were created with a scanning range of -0.7 to 2 V (Versus 

SCE) and a sweeping speed of 1 mV/s. To analyze the corrosion behavior, the Tafel 

extrapolation method was used to compute the corrosion current density (icorr), corrosion 

potential (Ecorr), and corrosion rate (CR). With an amplitude of 10 mV, a frequency range of 10-2 

to 105 Hz, and a sampling rate of 10 points per decade, the EIS approach was utilized to evaluate 

the stability of the passive layer. Every electrochemical measurement was carried out at least 

three times for every sample in order to ensure the results' reliability and reproducibility. 

II.3 CONCLUSIONS 

In this chapter we have presented the process of elaboration of Ti50-Ni50 alloys at different 

milling time from 2 h to 18 h; and the different techniques used for structural characterization, 

and for studying the structural, mechanical, tribological, and electrochemical properties, namely: 

1. Structural and surface characterization techniques (SEM, EDS, XRD). 

2. Physical and mechanical characterization techniques (Density, porosity, hardness, 

Young’s modulus, and roughness). 
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3. Tribological characterization (friction coefficient, wear rate, and volume wear). 

4. Electrochemical techniques (Open circuit potential measurement, potentiodynamic 

polarization, and electrochemical impedance spectroscopy).  
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III. INTRODUCTION 

In this chapter, we present the various experimental results and their interpretations obtained by 

the various techniques used during this thesis to study the effect of milling time on the structural 

and mechanical properties of nanostructured Ti50-Ni50 alloys produced by using planetary high 

energy ball mill.  

Several techniques were used to evaluate the structural and mechanical properties of the alloys, 

including scanning electron microscopy (SEM) analysis in conjunction with energy dispersive 

spectroscopy (EDS), which is used to determine the chemical composition of the powders while 

they are being ground, X-ray diffraction (XRD), nanoindentation test, and profilometer analysis. 

III.1 STRUCTURAL CHARACTERIZATION 

III.1.1 Morphology and microstructure of milled powders 

The SEM images of the powders that were produced after milling show the effects of the ball 

milling technique, including the introduction of lattice defects and changes in particle size and 

shape (Fig. III.1).  It is commonly known that the milling technique affects the shape and size of 

powders due to the repeated two processes of cold welding and fracturing. Additionally, particle 

sizes are larger when cold welding is the predominant mechanism and smaller when fracture is 

the primary process [1]. Figure III.1 (a-d) presents the SEM micrographs of the milled Ti50-Ni50 

powders captured after different grinding times (2, 6, 12, and 18 h). It is evident that after 

2 hours of milling, there have been significant morphological changes. 

At the beginning of the milling process (2 h) as observed in Figure III.1(a), certain particles have 

been flattened and crushed as a result of the powders colliding with the milling media (the balls 

and vials) during ball milling. Additionally, the particles have irregular shapes, and their sizes 

are relatively broad, due to the cold welding of the starting powders [2].   

After 6 h of the ball-milling process, the particles (Fig. III.1.b) continued to increase with the 

existence of some smaller ones. Additionally, the particles at this stage have irregular shapes and 

a dispersed distribution. 
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Figure III.1: SEM micrographs with selected area for EDS analysis for milled Ti-Ni powders fabricated with a ratio 

of 50%/50% at varying milling times: a) 2 h, b) 6 h, c) 12 h, and d) 18 h. 

Nevertheless, as shown in Figure III.1(c) and (d), the particle size decreased (increasing in tiny 

particles) when the grinding times were extended (i.e., 12 and 18 hours) proving the 

effectiveness of the fracture mechanisms over the earlier cold-welding [3]. After that, at longer 

milling periods, a balance between cold welding and fracture is reached, bringing the particles 

closer to their stable condition [4, 5]. Sakher et al., [6] reported similar morphological 

observations for Ti50-Ni50 produced at different milling times. 
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In summary, the final shape and properties of the Ti-Ni alloy powders are significantly 

influenced by the milling period. 

III.1.2 EDS analysis 

According to the results of the EDS analysis (Table III.1), the tested material contained 

precursors of Ti and Ni, and their amounts matched the sample's nominal chemical composition. 

The amount of oxygen (O) in the milled powders is present through the ambient air during 

grinding since ball grinding is the initial phase of contamination [7]. Additionally, the presence 

of Silicon (Si) and carbon (C) element residues confirmed that the powders were contaminated 

by the grinding media, which included balls and vials. 

Powder contamination from the grinding media (vial and balls) may be harmful to living 

organisms. For instance, metal ions introduced from grinding media may cause unfavorable 

cellular reactions when the final product is used in biomedical applications. However, our 

investigation showed that the amount of contamination from the grinding media was so low that 

it could be ignored. As noted by Reid et al., [8] in their study, a low degree of contamination by 

zirconia milling media did not result in a loss of biocompatibility 

Table III.1: The EDS analysis of powders milled with corresponding milling times. 

 

Milling time (h) 

Atomic percentage (at. %) 

Ti Ni Si C O 

2 47.45 47.40 1.92 0.63 2.6 

6 48.50 47.45 1.70 1.20 1.15 

12 51.40 44.07 2.11 1.41 1.01 

18 51.66 45.39 1.25 / 1.70 

 

 

 

 



CHAPTER III                           STRUCTURAL AND MECHANICAL CHARACTERIZATION 

-92- 

 

III.1.3 X ray diffraction (XRD) 

The average size of crystallites, lattice parameters, average rate of microstrain/lattice strain, and 

various phases can all be determined using the XRD spectrum. Figure III.2 (a) shows the XRD 

diffraction patterns of the Ti50-Ni50 milled powders. From the figure, the peaks corresponding to 

Ti and Ni are detected at the early stages of grinding (2 h and 6 h). 

The hexagonal closed pack (hcp) Ti is indicated by the peaks of the (100), (002), (101) and (110) 

planes at 2Ө = 35.21°, 38.5°, 40.18° and 61.68° (ICDD PDF 4, card no 00-044-1294 [9]), 

respectively. Whereas, the face-centered cubic (fcc) Ni represented by the peaks of the (111) and 

(200) planes are situated at 2Ө = 44.71° and 53.03° (ICDD PDF 4, card no 00-004-0850 [9]), 

respectively. The Ni and Ti diffraction peaks' intensity decreased and gradually weakened and 

broadened as the milling times rose. The broadening and weakening of the diffraction peaks are 

linked to a rise in microstrain and a reduction in crystallite size, demonstrating the effect of the 

milling process on the microstructure of the material, as mentioned by Guittoum et al [10]. 

Additionally, the peaks moved toward lower diffraction angles (Fig. III.2.b), indicating that the 

Ni lattice parameters increased and Ti atoms permeated the Ni matrix [11]. For 12 h of grinding, 

the body-centered cubic-structured Ti-Ni phase (B2) starts to appear, and its apparent increases 

during the grinding operation.  

All of the peaks associated with Ti and Ni disappeared during the 18-hour grinding operation, 

leaving just the noticeable peaks of the Ti-Ni phase (B2). The planes (002) and (101) with angles 

of 38.5° and 40.18°, respectively, represent the two primary peaks of this phase (ICDD PDF 4, 

card no 03-065-0917 [9]). Significant plastic deformation during milling produced this phase, 

facilitating atomic rearrangement and the creation of the ordered B2 structure [6]. Furthermore, 

the Ti-Ni peaks expanded due to the refining effect of crystallite size [12]. Similar performance 

was observed in previous work by Sharma [11] and Neeraj et al [13]. 
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Figure III.2: a) XRD spectra of Ti50-Ni50 particles following different periods of grinding, b) display the shift 

toward low angles. 
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III.1.4 Evolution of crystallite size {D}, microstrain {ε}, and lattice parameters {a} 

Figure III.3 illustrates Williamson-Hall (W-H) plots of Ti50-Ni50 powders at different grinding 

times, where the fitted data are displayed as solid lines, while the experimental data appear as 

symbols. Microstrain {ε} is determined by the slope of the linear fitted line. Furthermore, the 

intersection 
𝐾λ

𝐷
 can be utilized to estimate the crystallite size {D}. From the figures, The Ti50-Ni50 

samples clearly show a positive slope, indicating that they are exhibiting tensile strain [14, 15]. 
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Figure III.3: Williamson-Hall plots of Ti50-Ni50 alloy after different milling times. 
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Our research especially concentrated on determining the microstrain and crystallite size of 

powders that had been ground. We may assess how mechanical milling affects these properties 

using this method prior to submitting them to other processing steps (HIP and sintering). Ti50-

Ni50 samples' microstrain (ε) and crystallite size (D) are significantly impacted by the grinding 

time. The average microstrain and crystallite size of milled powders are shown to change with 

milling time in Figure III.4 (a). The graph indicates proportionality between microstrain and 

milling durations, but an inverse relationship with crystallite size. 

It is evident that as the grinding duration rose from 2 to 18 hours, the crystallite size decreased 

first quickly and then gradually from 57 nm to 29 nm. This is mostly due to the significant 

deformation of the powders throughout the milling process. Another cause could be greater 

defect densities, which raise the potential for sites of nucleation during crystallization [16]. 

The microstrain values rose in tandem with this decrease in crystallite size, eventually reaching 

0.99 % at the end of milling. This can be explained by the introduction of several kinds of lattice 

defects, such as dislocations and impurities, and the hardening of the alloy caused by mechanical 

milling [17]. 

The lattice parameter of milled Ti50-Ni50 alloys is also significantly influenced by the milling 

time (see Fig. III.4.b); the figure shows that as milling times increased, the lattice parameter (a) 

increased as well, reaching a value of 3.22 Å. Extreme plastic deformations and the buildup of 

several structural problems, including as stacking faults, grain boundaries, and a rising 

dislocation density throughout the milling process, are to blame for this [18, 19]. Similar results 

were reported by Huang et al. [20]; the lattice parameters rose as the ball-milling process lasted 

longer. 
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Figure III.4: Evolution of: a) crystallite sizes {D} and microstrain {ε}; b) lattice parameters {a} of Ti50-Ni50. 
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III.2 PHYSICAL AND MECHANICAL CHARACTERIZATIONS 

III.2.1 Pore size distribution  

The pore size of biomaterials is crucial for bone formation, according to both in vitro and in vivo 

research [21]. The Ti50-Ni50 alloys' pore size distribution (PSD) changes after 2, 6, 12, and 18 

hours of ball milling are shown in Figure III.5. It is evident that as the grinding time rose, the 

pore size decreased.  
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Figure III.5: Pore size distribution frequency of Ti50-Ni50 alloys after different grinding durations. 

The range of pore sizes as a function of milling duration is between 10 to 100 nm. The vast 

majority of pores were sized between 70 and 100 nm in the first phases of milling (2 h and 6 h). 

At the highest grinding times (12 h and 18 h), the specimen's pores were smaller, regular, and 
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decreased to 10 nm compared to the initial stages. A more extended milling period leads to the 

reduction of the powders' pore size. The same results were documented by Kim et al., [22] in 

their study about Ti-Nb-Zr biomaterials, which showed that the grinding time affects the size of 

the pore particles. 

III.2.2 Relative porosity, relative density, and mean pore size measurements 

The evolution of the mean pore size of the Ti50-Ni50 alloys at various milling times is shown in 

Figure III.6 (a). It is clear that the mean pore size decreased as the grinding time was increased 

from 2 to 18 hours. At the end of milling, the final pore size was 42 nm due to grain size 

refinement generated by milling. 

In Figure III.6 (b), the relative density and relative porosity evolution of HIPed and sintered Ti50-

Ni50 specimens produced under different grinding times are shown. The relationship between 

density and milling time is proportional. Density increases along with grinding time, however it 

inversely correlates with porosity. 

The samples had the largest porosity (19 %) and the lowest density (81 %), following 2 hours of 

grinding. The relative porosity decreased till it was at least 11 % when the grinding period was 

extended to 18 hours. In contrast, the relative density reached the maximum of 89 % at the end of 

the milling. Reduced particle size and increased specific surface area from longer milling times 

accelerate the sintering shrinkage speed, which lowers the samples' porosity and raises their 

density [23]. 
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Figure III.6: Evolution of: a) mean pore size (nm); b) relative porosity and density (%) of Ti50-Ni50 as a function of 

milling time. 
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III.2.3 Hardness and young’s modulus characterization 

One of the most important considerations in the field of orthopedic implant materials is Young's 

modulus, sometimes referred to as elastic modulus. The mechanical properties of materials, such 

as their hardness and Young's modulus, are greatly influenced by their microstructures. Grain 

refining has been found to be an effective way of improving the mechanical performance of 

materials. The elastic modulus of titanium alloy usually exceeds 80 GPa, whereas human bone 

can only reach 30 GPa [24]. Stress shielding offered by a high-modulus implant can result in 

bone deterioration and harm to the implant/bone interface [25]. For hard-tissue replacement, a 

small Young's modulus implant material is hence a preferred choice. 

The effect of grinding time on the Ti50-Ni50 samples' hardness and Young's modulus is shown in 

Figure III.7. According to the data, after 2 hours of grinding, the hardness value was 201 HV; 

nevertheless, it rose over the course of the milling period, reaching 341 HV after 18 hours. In this 

way, the accumulation of strain energy causes the hardness value increase as the milling time 

increases [26]. The results are in good agreement with a previous work on Ti-Cu-Ni ternary 

alloys by Ghadiri and Saidi [27] and a study on Ti-16Sn-4Nb by Nouri et al. [28], which found 

that hardness increases with grinding time. 

Figure III.7 displays the binary Ti50-Ni50 specimens' Young's modulus values under various 

grinding times. As can be seen, the modulus of the samples increased with increasing milling 

periods (2, 6, 12, and 18 hours), reaching values of 89 GPa, 94 GPa, 101 GPa, and 103 GPa, 

respectively. 

By comparing the obtained results of elastic modulus of the Ti50-Ni50 alloys with other Ti-based 

alloys, it can be seen that Ti50-Ni50 alloys have smaller Young's modulus values than that of 

Ti80Ni20 (varied from 130.73 to 164.53 GPa) [29], Ti-6Al-4Fe (110 GPa) [30], Ti-6Al-4V (112 

GPa) [31], and Ti-Al-7Nb (105 GPa) [1]. As mentioned before, in order to avoid stress shielding 

and implant failure or loosening, Young's modulus must be extremely near to the human bone. 

According to the results obtained, the enhanced hardness and elastic modulus were attributed to 

the high relative density and refined grain size. 
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Figure III.7: Evolution of Young’s modulus and Hardness of Ti50-Ni50 alloys as a function of grinding time. 

The ratio of hardness (H) to Young's modulus (E) can be used to characterize a material's 

capacity to resist elastic strain before failing in elastic-plastic behavior. Materials with greater 

H3/E2 and H/E typically show lower wear rates [32]. 

Figure III.8 displays the change in the H3/E2 and H/E ratios of the Ti50-Ni50 alloys as a function 

of grinding time. As the milling duration rises, it has been observed that the H3/E2 and H/E ratios 

rise. The H/E values rise from 0.0221 to 0.0324 with increased grinding durations from 2 h to 18 

h, respectively. Further, the H3/E2 values increased, going from 0.0009 GPa to 0.0035 GPa 

during 2 to 18 hours of milling, respectively. 

The H3/E2 values of Ti50-Ni50 alloys are higher at 12 and 18 hours than those of CP-Ti 

biomaterials (0.0014 GPa). Similarly, the Ti50-Ni50 alloys' H/E values are higher than the CP-Ti 

alloy's (0.0238) after 6, 12, and 18 hours of grinding [33].  

According to Hezil et al., [1] the greatest values of H3/E2 and H/E (0.0035 GPa and 0.0324), 

respectively, suggest that the alloys on display have better wear resistance. Refinement of the 

grain size increases the mechanical qualities and yields the optimum wear resistance. 

Additionally, a lower friction coefficient and better tribological performance are the results of 
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decreased surface porosity [1]. 
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Figure III.8: Evolution of the H3/E2 and H/E ratios of Ti50-Ni50 alloys as a function of grinding time. 

III.2.4 Surface roughness analysis 

Surface roughness (Ra) values of the Ti50-Ni50 alloys as a function of grinding times are shown 

in Figure III.9. The results indicated that the roughness of the alloy sample surfaces reduced with 

increasing milling time, which could be connected to the higher hardness of the particles. The 

surface roughness was 8.4 nm after a brief 2-hour grinding time, which was higher than the final 

value of 7 nm during an 18-hour grinding period. The literature indicates that the nature and 

roughness of an implant's surface significantly affect how the surrounding tissues react to it. 

Because textured implant surfaces have a larger surface area than smooth surfaces, there is a 

higher chance of osseointegration. the development of healthy tissues [34]. 
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Figure III.9: Roughness (Ra) evolution of Ti50-Ni50 alloys at different grinding time. 

II.3 CONCLUSIONS 

The mechanical and structural characteristics of nanostructured Ti50-Ni50 alloys made by 

mechanical alloying at various grinding periods (2, 6, 12, and 18 hours), followed by pressing 

and sintering, were examined in this work. The following conclusions can be derived from the 

findings: 

 Morphological and structural characterization of milled powders: 

 

- The powders' particle size and form are greatly influenced by the milling times. 

- As the milling duration increased, the microstrain and lattice parameter increased, while 

the crystallite size of the powders was reduced. 

 

 Physical and mechanical Characterization of the HIPed and sintered samples: 

 

 

- The relative porosity of HIPed and sintered Ti50-Ni50 alloys is significantly decreased 

with longer milling periods, which raises the alloys' density. Its wear rate and mechanical 

characteristics (hardness and Young's modulus) improved as a result of increased density 
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and decreased porosity. 

- The HIPed and sintered Ti50-Ni50 alloys' hardness and Young's modulus increased as the 

milling time increased, reaching 341 HV and 102 GPa, respectively, after 18 hours. 

- One important biomaterials feature that influences how well they function and interact 

with cells and tissues is surface roughness, which decreased with milling time. 
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IV. INTRODUCTION 

The need for metal biomaterials will always be high because of the growing number of older 

people who need joint replacements. In general, biomaterials should have low friction 

coefficients and high wear resistance to minimize the creation of wear debris that could result in 

unfavorable cellular reactions and cause the implant to loosen. 

This chapter will present the results of the tribological tests that were carried out in the 

physiological solution of a Ringer by using ball-on-plate tribometer performed under different 

applied loads of 2, 10, and 20 N. Additionally, the wear scars obtained during the tests examined 

by scanning electron microscopy (SEM) coupled with EDS. 

IV.1 Friction coefficient evolution  

Wear resistance is crucial in the majority of industrial domains, including biomedicine, nuclear 

power, aerospace, railroads, machining tools, bearings, and systems exposed to sliding motion, 

since the surfaces of these materials have to be subjected to friction [1]. Similarly, the wear 

resistance of bio-prosthetics and bio-sensors is important to their longevity [1-3]. 

The average friction coefficient (COF) of sintered and HIPed Ti50-Ni50 samples under varying 

applied loads (2, 10, and 20 N) is shown in Figure IV.1. It is evident that the friction coefficient 

decreased as the milling time increased (i.e. friction resistance increased). Specifically, samples 

milled at 2 and 6 h had lower friction coefficients than samples milled at 12 and 18 h. This is 

explained by an improvement in mechanical features, especially hardness, as a result of closed 

porosity and grain refinement brought on by milling. 

These results also showed that the COF value increases with increasing applied load from 2 N to 

20 N, reaching a maximum value of 0.51 at 20 N. In contrast, when the applied load was 

reduced, the COF progressively dropped until it reached a minimum value of 0.31 at 2 N.  This 

behavior can be explained by an increase in the normal load that causes the true contact area to 

increase, which increases the friction coefficient. Also, as the surface becomes harder with 

longer milling times (as discussed in the previous chapter), the actual area of contact reduces, 

which lowers the friction coefficient.  
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These findings highlight that the main factors influencing the material's frictional behavior are 

hardness, applied load, and longer grinding times. Similar performances were reported by Fellah 

et al., [4] for the Ti-Ni, which was produced at various sintering temperatures.  

It is also important to note that the sample synthesized after 18 h of milling had a low coefficient 

of friction value, which validates the estimation of the elasto-plastic ratios previously shown in 

Figure III.8. This indicates that the elasto-plastic resistance led to improved resistance to friction 

loads. 
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Figure IV.1: Changes in the average friction coefficient values of Ti50-Ni50 samples produced at various milling 

periods. 

IV.2 Evolution of wear volume and wear rate 

It is important to note that wear resistance is inversely related to wear rate and volume; and that 

these two variables are directly proportional. Both the wear rate and the wear resistance are 

reduced when the wear volume is reduced. 
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The wear rate (W) can be expressed using Equation IV.1 [4] as the ratio of the wear volume to 

the applied normal load (F) along the sliding distance (L). Through the use of laser profilometry, 

the wear volume was directly calculated. 

W= 
𝑉

𝐹.𝐿
.............................................................................................................................. (Eq. IV.1) 

Figure IV.2 shows how the wear rate and wear volume of the sintered Ti50-Ni50 and HIPed 

samples changed with milling time. The findings demonstrated that when grinding times 

increased from 2 to 18 h, wear rate, and wear volume decreased. 

The wear volume of the Ti50-Ni50 specimens during the test (Fig. IV.2.a) varied between 28.37 

and 61.34 × 107 for the samples that were milled for 2 h, and it significantly dropped to 11.87 to 

34.33 × 107 µm³ for the samples that were milled for 18 h. Similarly, as shown in Figure IV.2 

(b), the wear rate of Ti50-Ni50 alloys reduced as the milling duration increased, which ranged 

from (38.64 to 56.22 × 10−3), (36.35 to 51.54 × 10−3), (31.92 to 47.76 × 10−3) to (29.67 to 42.65 

× 10−3) μm3/N.μm, for the samples milled at 2, 6, 12, and 18 h, respectively.  

This trend suggests that longer milling times improve the Ti50-Ni50 alloys' resistance to wear, as 

evidenced by decreased wear rate and volume as well as a lower friction coefficient. The 

observed enhancement was attributed to improved tribological performance and mechanical 

features brought about by grain refining. Additionally, both wear rate and wear volume increased 

with increasing applied loads (2, 10, and 20 N). 

According to the data, the grinding time seems to have a significant impact on the alloys' wear 

volume and rate. The same effect of milling time on wear characteristics was confirmed by the 

study by Mahran and Omran [5]; they found that the volume loss decreased as the milling time 

increased for the Ti-35Nb-2.5Sn alloy, which had the least amount of wear (0.26 mm3) following 

a 12-hour milling cycle (best wear resistance). In addition to milling time, the high temperature 

of HIPping and sintering has a significant impact on the tribological behavior of Ti50-Ni50 alloys. 

According to earlier research, these high temperatures reduce porosity, creating a dense 

microstructure and increasing hardness, both of which are directly related to better wear 

resistance [6-8]. 
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Figure IV.2: Evolution of: a) wear volume and b) wear rate of HIPed and sintered Ti50-Ni50 synthesized at different 

milling time. 

Numerous variables, such as the material composition, hardness, friction coefficient, and surface 

roughness, affect a material's wear characteristics [9-13]. A material's hardness is important 
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because a high hardness makes it far more resistant to abrasion and deformation, especially 

plastic deformation [9]. Ultimately, high resistance to plastic deformation will lower the 

likelihood of delamination, a type of wear that is frequently observed in metallic alloys with 

extremely low wear resistance and that is highly harmful to the material's lifespan [9]. 

Several investigations have demonstrated a significant correlation between hardness and wear 

resistance in materials based on titanium [14-17]; where the experimental findings show that as 

hardness increases, Ti-based alloys exhibit better wear resistance. In addition to that, Li and Liu 

[18] pointed out that the pseudo-elasticity of Ti-Ni alloys is the main cause of their improved 

wear behavior. Nonetheless, surface roughness significantly affects tribological performance 

since smoother surfaces improve material wear resistance and decrease friction. 

In summary, the improved tribological features of Ti50-Ni50 alloy (low COF and excellent wear 

resistance) are related to their high hardness and density. 

The wear rate and friction coefficient of several titanium alloys under various test conditions 

were displayed in Table IV.1. In comparison to the other alloys, including CP-Ti, Ti-6Al-4V, Ti-

17Nb-6Ta, titanium alloy grade 23, etc., it is evident that the Ti50-Ni50 alloy has the lowest wear 

rate (29.67 × 10-3 μm3/N.μm). This drop in wear rate suggests that Ti50-Ni50 has a high level of 

wear resistance, which increases its durability in critical applications like implants. Furthermore, 

the low friction coefficient suggests that this alloy might lessen friction while in operation, which 

lowers surface wear and enhances material performance in human settings. This superior 

performance is due to its unique properties, including shape memory effect (SME), 

superelasticity (SE) and high mechanical features, giving it superiority over conventional alloys 

such as Ti-6Al-4V. These findings suggest that Ti50-Ni50 performs better in medical applications 

in terms of wear resistance and decreased friction, extending the material life and lowering the 

need for regular maintenance or replacement. 
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Table IV.1: The wear rate and fiction coefficient of various types of titanium alloys. 

Materials Testing conditions Wear rate Friction coefficient Refs 

CP-Ti Scratch tests  

Load of 1 N and 5 

N at room 

temperature and dry 

sliding conditions, 

with a tangential 

scratch speed of 2.5 

mm s-1, a scratch 

length of 5 mm 

Not specified For 1 N load = 

0.63±0.11 

For 5 N load =  

0.64 ± 0.06 

[19] 

Ti50-Ni50 

 

Tribometer: Pin on 

plate 

Normal loads of 2, 

10, and 20 N, at 

stroke length of 5 

mm and a sliding 

speed of 25 mm.s-1 

29.67 × 10-3 

μm3/N.μm 

0.31 In 

this 

work 

Ti-6Al-4V 

 

Tribometer: Pin on 

disk  

Normal load: 5N 

Sliding speed was 

varied from 0.2 to 

0.8 m/s 

10-3 mm3/N.m 0.40-0.50 [20] 

Titanium alloy 

grade 23 

 

Tribometer: Pin on 

disk 

Load (30-50 N), 

sliding speed (1-2 

m/s) and sliding 

distance [1000-

2000 m] 

Not specified 0.3308 

 

 

[21] 

Ti-17Nb-6Ta Tribometer: Pin on 

disk 

Varied loads of 10, 

15, and 20 N, the 

0.016 mm3/N.m 0.22 

 

[22] 
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track length was 10 

mm, and the 

frequency was 2 

Hz. 

Ti-25Nb-xZr 

 

Tribometer: Ball on 

plate 

Varied loads of 2, 

10, and 20 N, 

sliding at a speed of 

15 mm/s. 

6.23 × 103 

μm3/N.μm (For 2 N 

load and Zr content 

30 at. %) 

 

Ranged from 0.3 to 

0.5 (For 2 N load 

and Zr content 30 

at. %) 

 

[23] 

Ti13Nb13Zr Tribometer: Ball on 

plate 

The normal load of 

29.4 N, the stroke 

length was fixed at 

6 mm, and the 

frequency was 1 

Hz. 

1.36×10-4  

mm3/N.m 

 

≈ 0.15 [24] 

Ti-20Mo Tribometer: Ball on 

disk 

Applied loads of 2, 

8, and 16 N at a 

sliding velocity of 

10 mm/s 

4.21 × 103 

μm3/N.μm (For 2 N 

load) 

0.20 (For 2 N load) [25] 

 

IV.3 Wear scars morphology 

Figure IV.3 (a-d) displays the SEM images of the worn surfaces and wear tracks of the Ti50-Ni50 

alloys that were milled at various milling times. The surface degradation of Ti50-Ni50 alloys is 

caused by abrasive and adhesive wear mechanisms. Moreover, the debris becomes finer, the 

grooves get smaller, and the wear volume, which is shown by the size of the wear strips, reduces 

as the grinding time increases. It has been shown that significant damage appeared in the milled 

samples, particularly in those that were ground for 2 and 6 h. In addition, the formation of small-
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sized wear debris brought on by the alloy's plastic deformation and fragmentation decreases with 

increasing milling time. 

Plastic deformation is crucial to many wear processes, yet it is not regarded as a wear mechanism 

[9]. It is typically caused by the surface fatigue wear mechanism and is distinguished by 

numerous abrasive grooves oriented in the sliding direction on top of smooth, compacted layers. 

For biomaterials, plastic deformation—which is typically accompanied by delamination—

indicates significant wear and is therefore undesirable [9]. 

According to the images, the main wear mechanism for the specimens that were milled for 2 and 

6 h was abrasion (see Fig. IV.3.a and b). During the test, portions broke off from the sample 

surfaces, causing scratches on their surfaces, which led to the development of this wear 

mechanism. In addition, there were deep grooves in the wear tracks. On the other hand, 

delamination and adhesion were found to be the two main wear mechanisms for the samples 

ground at 12 and 18 h (refer to Fig. IV.3.c and d). In these cases, the debris and worn strips were 

reduced. 

The wear rate values of the sintered samples produced after 12 and 18 h were much lower than 

those produced after 2 and 6 h of milling. Furthermore, the low coefficient of friction of these 

samples is compatible with the smooth appearance of the worn surface [26]. Hardness and wear 

rate also correlate. As alloy hardness increases, the wear rate reduces [27]. Archard's law states 

that the hardness of a material and wear loss is inversely related [28]. 
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Figure IV.3: SEM micrographs showing the surface condition after wear test of Ti50-Ni50 alloys with different 

milling times. 

In the biomedical applications, material wear is an undesired phenomenon since it impacts the 

functionality and longevity of medical devices, such as implants and prosthetics. Additionally, 

wear is a major cause of component failure and a source of wear debris. In any tribological 

system, wear debris is generally undesirable since it pollutes the environment and affects the 

wear process in a variety of ways (third body effect). The primary cause of patients' long-term 

problems in biomedical applications, including total joint replacement, is the wear debris that is 

created [29]. 

Figure IV.4 shows the wear debris that was produced as a result of the alloy surfaces' oxidized 

and work-hardened layers deteriorating and surface asperities being destroyed. These processes 
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invariably result in a third body that contributes to surface deterioration, fostering the wear 

mechanism seen in Figure IV.3, which includes delamination, adhesion, and abrasion. 

For biomaterials, minimizing wear volume, wear rate, and friction coefficient is essential 

because wear debris released from the implant as a result of poor tribological properties causes 

detrimental and negative reactions in the human body, which directly affect biocompatibility and 

result in unfavorable biological reactions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV.4: Schematic showing the tribological interaction results between Ti50-Ni50 and a ball surface: a) before 

the sliding; b) after the sliding. 
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Table IV.2 shows the EDS examination of the wear tracks formed on the surfaces of Ti50-Ni50 

alloys following different grinding times. The depth of the scratch during the tribological test and 

the mechanical properties of the materials both affect the ratios. The elemental concentrations of 

Ti and Ni in most samples ground over longer times (12 and 18 hours) have been found to be 

slightly lower than those in samples ground at shorter times (2 and 6 hours). Apart from these 

essential components, the study also detects the existence of impurities, such as oxygen (O) came 

from the atmosphere. However, the oxygen found in the worn regions indicates that oxidation 

occurred due to the ability of alloys to oxidize. On the other hand, the milling media—

interactions with agate balls and vials throughout the milling process—are what explained the 

existence of silicon (Si) and carbon (C). 

Table IV.2: EDS Analysis of the wear tracks produced on the surfaces of Ti50-Ni50 alloys tested at 20 N. 

Milling 

time (h) 

Atomic percentage (at. %) 

Ti Ni Si C O 

2 52.76 45.61 0.69 0.63 1.31 

6 52.12 43.53 2.01 1.01 1.33 

12 52.1 43.02 2.37 1.40 1.11 

18 52.5 45.32 1.12 / 1.06 

 

IV.4 CONCLUSIONS 

The tribological behavior of Ti50-Ni50 alloys has been studied through the determination of the 

coefficient of friction, the wear rate and the analysis of surface morphology. The main results of 

this section are summarized as follows: 

- At higher milling time (18 h), the friction coefficient and wear rate significantly 

decreased, reaching 0.31 and 29.67 × 10-3 mm3/N.mm, respectively. 

- Because of the closed porosity and improved grain size refinement, the samples that were 

milled for 18 h had a lower friction coefficient and a stronger resistance to wear. 

- Low coefficient of friction, high density, and hardness are the most parameters that lead 

to high wear resistance. 
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- The two primary wear mechanisms for samples that were ground for a longer time were 

adhesion and delamination. However, for samples that were ground for a short time, 

abrasion was the main wear mechanism. 

- Finally, it can be suggested that the main way to increase the material's resistance to wear 

is to improve its surface mechanical properties and roughness. 
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V. INTRODUCTION 

Titanium and its alloys are widely used in the medical field because of their mechanical 

properties and corrosion resistance, especially for implants that must fit harmoniously into the 

human body. These implants come into contact with potentially corrosive bodily fluids in the 

biological environment. One important phenomenon that can cause material deterioration, metal 

ion release, and inflammatory responses in nearby tissues is electrochemical corrosion. 

Understanding the electrochemical behavior of titanium alloys used in orthopedic implants is 

essential to ensuring their safety and efficacy, reducing the risk of corrosion and enhancing 

patient health in a complex environment based on their durability and biocompatibility.  

This chapter will present the results of the electrochemical tests (OCP, PD, and EIS) that were 

carried out in the physiological solution of Hank. 

V.1 Open circuit potential (OCP) measurements 

A common method for assessing the chemical stability of specimens and the corrosion process is 

open-circuit potential (OCP) [1]. Figure V.1 illustrates the changes in the open-circuit potential 

(OCP) of the Ti50-Ni50 samples produced at various milling times after they were submerged for 

2500 seconds in Hank's solution. OCP changes are related to the structure, composition and 

development of the passive film [2]. In all cases, the OCP values rose with increasing immersion 

time until stabilizing; this suggests that a passive film is forming on the sample's surface [3]; this 

can strengthen its resistance to corrosion by preventing the discharge of metal ions [4]. In 

titanium and its alloys, especially Ti-Ni alloys, the passive layer that formed on their surface is 

mostly composed of TiO2 [5]. 

The OCP curves move toward the higher values, particularly for those produced with a longer 

milling time (18 hours). By passivation the sample surfaces when the OCP moves to the nobler 

levels, the alloys are shielded from corrosion and become more resistant [6]. The OCP values 

stabilized at -0.20275, -0.17408, -0.13031, and -0.074 V/SCE for specimens milled at 2, 6, 12, and 

18 hours, respectively; the constant OCP value showed that the alloys' protective oxide layer had 

fully developed. Similar findings were made by Martina et al., [7] who discovered that Ti-based 

alloys typically had greater electropositive OCP values than pure Ti. Over time, these values rise 
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to nobler levels, indicating improved corrosion resistance and passive state. The open circuit 

potential of the Ti50-Ni50 specimens is impacted by grinding time. The powders' crystallite size 

usually decreases as the milling time increases from 2 to 18 hours because of mechanical 

deformation and fracture processes. The surface reactivity of finer grains is increased by their 

higher grain boundary density and greater number of lattice defects [8, 9]. The OCP values are 

positively impacted by the increased surface reactivity. Grosjean et al., [9] corroborated the 

favorable effect of ball milling by showing that that OCP values increase as the milling duration 

increases. The larger OCP for samples that underwent 18 hours of milling would indicate a 

greater reactivity with the electrolyte to create a dense and protective passive layer [9]. 
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Figure V.1: OCP evolution for Ti50-Ni50 samples in Hank's solution during a period of 2500 seconds. 

Moreover, high-temperature pressing and sintering after milling have a significant impact on the 

OCP by reducing porosity and raising density due to grain refinement. Danny et al.'s 

investigation [10] verified this effect, showing that Ti-Si alloy electrodes that underwent 

mechanical alloying (MA) and subsequent heat treatment had marginally higher positive OCP 

values than samples that were not heat treated or pure Ti. 
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V.2 Potentiodynamic polarization measurements (PD) 

The polarization test is a method used to evaluate the corrosion resistance of metallic materials 

by examining the relationship between the current density per unit surface area and the 

artificially scanned potential [11]. Figure V.2 illustrates how grinding time affects the 

potentiodynamic polarization curves of the Ti50-Ni50 alloys immersed in Hank's solution. We 

find that all Ti50-Ni50 alloys exhibit a passivation region. The passivation region in polarization 

curves indicates that a passive coating has formed on the material's surface, reducing its 

susceptibility to corrosion [12]. Therefore, the existence of the polarization curve's passivation 

region is one of the most important factors in determining a material's resistance to corrosion. 
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Figure V.2: Potentiodynamic polarization curves for Ti50-Ni50 samples manufactured at different milling periods (2, 

6, 12, and 18 hours). 

In order to assess the materials' resistance to corrosion and comprehend the behavior of 

corrosion, the Tafel method was utilized to compute the corrosion potential (Ecorr), corrosion 

current (icorr), and corrosion rate (CR). To extract the Ecorr and icorr from the polarization data, the 
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Tafel fit method was applied using C View software. Table V.1 provides an illustration of these 

parameters' values. 

Table V.1: Corrosion parameters for Ti50-Ni50 in Hank's solution derived from potentiodynamic 

polarization curves Log i = f (E). 

 

Table V.1 demonstrates that as milling times increase from 2 to 18 hours, the corrosion current 

(icorr) and corrosion rate (CR) decrease, reaching values of 3.6945 × 10-7 A/cm2 and 0.0074722 

mm/year, respectively. This further suggests that a passive protective layer has developed on its 

surface [6]. Thus, the specimen made at the longer milling time (18 hours) shows lower icorr 

values, indicating that the material has developed a more stable passive layer that reduces the 

corrosion rate (CR), improving corrosion resistance [5]. 

Because the biomaterial releases metallic ions into the human body, a low CR lowers the 

likelihood of allergic reactions and other unwanted occurrences brought on by ionic pollution 

[13]. However, the corrosion potential (Ecorr) values moved in a more noble direction as the 

milling time rose due to the increasing grain refinement that occurred during the ball-milling 

operation [14]. 

 

Milling 

Times 

Potentiodynamic parameters 

Ecorr 

(V/SCE)  

icorr 

(A/cm2) 

ipass 

(A/cm2) 

βc 

(mV) 

βa 

(mV) 

CR 

(mm/year) 

RP    

(Ω/cm2) 

2 h  
-0.51255 

1.0179 × 

10-6 

3.1893 × 

10-5      
191.49 2449 0.014902 427136.86 

6 h  
-0.43214 

5.1039 × 

10-7 

1.3248 × 

10-5 
194.48 5367.3 0.013088 851863.497 

12 h 
-0.35817 

4.6603 × 

10-7 

4.1750 × 

10-6 
231.54 269.44 0.011215 932949.832 

18 h 
-0.29997 

3.6945 × 

10-7 

4.0083 × 

10-6 
537.45 581.21 0.0074722 1176837.49 
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Variations in the corrosion potential (Ecorr) and corrosion current density (icorr) values for 

specimens exhibiting passive behavior are caused by two significant factors that can significantly 

affect the material's electrochemical properties: density and grain refinement (fine grain size). 

According to Ihsan-ul-Haq's research [15]; specimens with refined microstructures, higher 

densities, and smaller porosities typically exhibit better passivation behavior by having lower 

icorr values and higher Ecorr. Along with the grinding duration, high temperatures also affect the 

corrosion parameters (Ecorr and icorr). Guo et al.'s study [16] on Ti-24Nb-4Zr-7.9Sn alloys found 

that lower densities (sintered at low temperatures) had lower Ecorr and greater icorr, which 

indicated worse corrosion resistance, and vice versa. The structure became more porous and less 

dense when sintered at low temperatures, which decreased its resistance to corrosion. Increased 

density results in less interconnected porosity, which enhances corrosion resistance because there 

is a decreased possibility of electrolyte entering these interconnected pores [16]. Another study 

on the impact of sintering temperature on density and corrosion characteristics is published by 

Bautista et al [17]. At a higher sintering temperature, they found that the alloy with the best 

corrosion resistance was the one with the maximum sintering density. 

Similarly, the passive current density (ipass) is an important parameter for comparing and 

assessing passive metals' resistance to corrosion. Similar to icorr, the ipass results showed a decline 

with higher milling. The samples that were milled for 18 hours had the lowest result, 4.0083 × 

10-6 A/cm2, which suggests that their passive film is more stable and protective [18]. As a result, 

extended milling creates a passive film that is more resilient and protective. 

The values of Rp were obtained using the following equation [19]. 

Rp=
1

icorr
(

βcβa

2.3(βcβa)
)………………………………………….……………………… (Eq. V.1) 

Where: icorr is the corrosion current density, Rp is the polarization resistance, and βa and βc are the 

anodic and cathodic Tafel slope values, respectively. 

Table V.1 shows that as the milling time increases, the polarization resistance (Rp) of the Ti50-

Ni50 samples increases from 427136.86 Ω/cm2 to 1176837.49 Ω/cm2. This is due to variations in 
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the microstructure and surface characteristics of the alloys [1]. Numerous factors, including the 

environment, microstructure, composition of the alloy, manufacturing procedures, intermetallic 

formation, etc., influence the corrosion resistance of titanium alloys, according to the literature 

[3, 20]. The presence of a passive layer on the specimens' surface was also suggested by the 

higher Rp values [21]. Better corrosion resistance of materials is thus suggested by improved 

polarization resistance. 

V.3 Electrochemical impedance spectroscopy (EIS) and equivalent circuit analysis 

The impact of milling times on the corrosion resistance of Ti50-Ni50 samples has been 

investigated using the impedance approach. The kinetic characteristics of electron transport 

reactions at the metal/environment interface are described by EIS [19]. Figure V.3 displays the 

Nyquist and Bode curves for the EIS measurements of the Ti50-Ni50 samples in Hank's solution. 

The Nyquist plots of Fig. V.3.a shows the variation of the imaginary impedance component (Z″) 

with a real impedance component (Z′). Every sample that was analyzed had semicircle 

impedance spectra that were not complete. Higher corrosion resistance is indicated by a larger 

arc diameter, and lesser corrosion resistance is indicated by a smaller arc diameter [22, 23]. The 

semicircle diameter increases with increasing milling times (Fig. V.3.a), reaching its greatest 

value for the alloy produced at a greater milling period (18 h); this suggests that the particles 

milled for 18 h have increased the stability of the passive film [24, 25]. 

The surface of titanium alloy spontaneously passivates, forming a protective layer that prevents 

the metal from oxidizing further [13]. Because titanium has a strong affinity for oxygen, it and its 

alloys form oxide layers on their surfaces, improving corrosion resistance and osseointegration 

[13, 26]. 

The Bode plots in Figure V.3 (b) show that the impedance increased as the grinding times 

increased. The impedance of the interface |Z| was higher in the sample that was obtained at 

longer grinding durations (12 and 18 hours), suggesting that it was more resistant to corrosion. 

According to Seikh et al., [27] the alloy's high impedance value indicates that it has good 

corrosion resistance. 
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Figure V.3: Electrochemical impedance spectra of the Ti50-Ni50 produced at various milling times: a) Nyquist plots 

and b) Bode plots. 

Additionally, at the middle frequencies range, the phase angle (φ) of all Ti50-Ni50 samples was 

stable, with values of 61.43°, 65.97°, 71.43°, and 74.44° for 2, 6, 12, and 18 hours, respectively. 
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This suggests that the alloy has a compact passive oxide film [28]. It should be mentioned that 

powders that are ground for 12 and 18 hours exhibit a maximum phase angle when compared to 

powders that are ground for 2 and 6 hours. Higher phase angle values signify a layer that is 

highly resistant and insulating, while lower phase angle values indicate a layer that is less 

resistant and porous, allowing for melting and incorporation processes with the surrounding 

environment [18]. According to earlier research, the high phase angle and high impedance (Z) 

suggest a capacitive behavior associated with corrosion-resistant material [29]. Furthermore, the 

suggested model "equivalent circuit" (Fig. V.4) confirms that the film on titanium alloys is bi-

layered, with an inner barrier layer and an outer porous layer [30]. 

Table V.2: Equivalent circuit parameters for Ti50-Ni50 alloys following their submersion in Hank's 

solution. 

Alloys Rs 

(/cm
2
) 

C 1 

(F/cm
2
) 

n 1 R1 

(/cm
2
) 

10
3 
porous 

C 2 

(F/cm
2
) 

n 2 R2 

(/cm
2
) 

10
6 
barrier

 

X
2 

(10
-4

) 

2 h 134 32 (0.3) 0.99 11.5 41 (0.31) 0.99 2.01 2.3 

6 h 124 29 (0.9) 0.99 15.2 29 (1.1) 0.97 3.33 2.1 

12 h 113 25(1.3) 0.99 23.0 27 (0.9) 0.99 3.87 1.8 

18 h 101 19 (1.8) 0.98 39.2 23 (0.9) 0.98 4.02 1.9 
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Figure V.4: Equivalent circuit utilized for fitting data obtained for Ti50-Ni50. 

The EIS data obtained from binary Ti50-Ni50 alloys was simulated using an equivalent circuit 

(Fig. V.4).The fitted parameters of the model are shown in Table V.2, where Rs is the resistance 

of the solution. The resistance of the porous layer is denoted by R1, while the charge transfer 

resistance of the barrier layer is denoted by R2. Capacitances C1 and C2 of porous and barrier 

layers, respectively, make up a constant phase element denoted by CPE (1) and CPE (2). 

ZCPE = [Y0 (jω) n]-1 is the definition of the impedance of the phase element, where Y0 is the CPE 

admittance, j = -1, ω = 2πf is the angular frequency, and n ranges from -1 to 1 [28]. There is a 

correlation between the value of n and the non-uniform current distribution caused by surface 

imperfections and roughness [31]. The fitting quality of equivalent circuits was assessed using 

the values of χ2 (order of 10-4). 

The results presented in Table V.2 show that the inner barrier layers (R2) are much larger than 

the outer porous layer (R1), indicating that the barrier layer plays a major role in the protection 

Hank’s solution 

Film 

Ti50-Ni50 

Alloys 

Outer layer 
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Rs 

R2 

R1  CPE(1) 

CPE(2) 
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provided by the passive layer [30]. Furthermore, the values of these resistances (i.e., R1 and R2) 

rose as milling times increased, indicating that higher passivation improved the alloys' corrosion 

resistance [32]. Longer milling times enhance passivation by microstructural refinement [33]; 

where longer ball milling times increase the Ti50-Ni50's corrosion resistance by reducing both icorr 

and ipass and increasing Rp, as shown by polarization tests (Table V.1). A higher protective oxide 

layer and increased electrochemical resistances at the alloy-environment interface lead to 

improved corrosion resistance. 

The charge transfer resistance is directly related to the rate of corrosion. Because the alloy 

particles aggregate and there are fewer voids between them, the Ti50-Ni50 alloy that has been 

milled for 18 hours has the highest value of charge transfer of any sample [34]. Its nobler 

electrochemical behavior is demonstrated by the greater charge transfer resistance value, which 

shows that the formation of a stable passive coating on its surface has been effective in thwarting 

the corrosive attack [35]. Consequently, the Ti50-Ni50 alloy's low passive current densities and 

strong charge transfer resistance, which were obtained after 18 hours of milling in Hank's 

solution, show that it has good corrosion resistance in the human body's environment. 

The following formula (Eq. V.2) was used to compute the C1 and C2 [36, 37]:  

C = (CPE x R1-n) 1/n……………………………………………………………………… (Eq. V.2) 

Where: R represents charge transfer resistance. 

The comparatively high capacitance values imply strong corrosion activity on the material 

surface [38]. According to Table V.2, the capacitance values (C1 and C2) decrease sharply as 

milling times increase, going from 32 F/cm2 and 41 F/cm2 to 19 F/cm2 and 23 F/cm2, 

respectively. This suggests the formation of a protective layer that lessens surface corrosion sites 

and, as a result, lowers capacitance [38]. 

In conclusion, the data reveal that the development of a persistent passive layer that functions as 

a barrier on the surface of the Ti50-Ni50 alloys improves their resistance to corrosion. 

Additionally, the formation of this stable layer that lowers the corrosion rate is demonstrated by 

the increase in charge transfer resistance and decrease in capacitance with increasing milling 
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time. Furthermore, because of the refinement of the grain, samples ground at longer milling 

times are more resistant to corrosion; when there are more grain boundaries, which act as passive 

film nucleation sites, the finer grains promote the formation of a more noble and compact passive 

film [39].  

The findings of this study indicate a correlation between the porosity, density, mechanical 

characteristics, particularly hardness, and corrosion resistance of Ti50-Ni50 alloys that were 

generated after 2, 6, 12, and 18 hours of milling. Grain refinement increased the density during 

the ball grinding process, led to the reduction of the porosity which affected the alloy's corrosion 

behavior. Metal materials' mechanical and corrosion characteristics are significantly impacted by 

their porosity [31]. With longer milling durations, this alloy's mechanical characteristics (such as 

hardness and elastic modulus) improved due to its low porosity and refined grain. According to 

Fellah et al., this improvement in mechanical qualities (high hardness) can result in better 

corrosion behavior of a material [12]. 

Finally, these alloys are a coveted class of metallic biomaterials suitable for a range of 

biomedical uses, such as total hip replacement, due to their improved mechanical and physical 

properties, exceptional corrosion resistance in biological conditions, and unique microstructure. 

V.4 CONCLUSIONS 

In this study, we employed a number of electrochemical methods to examine the corrosion of the 

Ti50-Ni50 alloys in the presence of Hank’s solution, such as electrochemical impedance 

spectroscopy (SIE), potentiodynamic polarization curves (PD), and open circuit potential (OCP). 

The following conclusions are drawn from the study's findings: 

- The development of a stable passive layer on the sample surface is indicated by the OCP 

curves, which rise as immersion time increase up to 2500 seconds. 

- The corrosion current and rate decreased with increasing milling times, reaching 3.6945 × 

10-7 A/cm2 and 0.0074722 mm/year, respectively. However, the values of the corrosion 

potential (Ecorr) shifted in a nobler direction. 

- The passive current density value was lowest in samples that were milled for 18 hours, 

suggesting a more stable and protective passive film. 
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- The EIS results demonstrate that Ti50-Ni50 exhibits capacitive behavior by forming a two-

layer film on the alloy's surfaces and by improving passive film resistance to corrosion 

through longer grinding durations. 

- The formation of a stable protective layer on the metal surface is indicated by a decrease 

in capacitance and an increase in charge transfer resistance. 

- Grain refinement is the cause of metals' improved corrosion behavior. 

- The results reveal that the Ti50-Ni50 material's corrosion characteristics improve with 

extended milling durations. 
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GENERAL CONCLUSION 

This work mainly aims to synthesize Ti50-Ni50 alloys and improve their mechanical, tribological, 

and electrochemical performance for use in total hip prostheses.  

By employing high-energy ball milling at different milling times (2, 6, 12, and 18 hours), 

followed by pressing and sintering, nanostructured Ti50-Ni50 alloys were successfully developed. 

The investigation into the influence of milling time on the structural, mechanical, tribological, 

and electrochemical behavior of the Ti50-Ni50 system enables the following conclusions: 

- The milling process affects the size and shape of powders; as milling times increase from 

2 to 18 hours, the proportion of fine particles rises because of significant fracturing and 

deformation. This refinement is essential because it can increase the hardness of the Ti50-

Ni50 alloy, which will increase its resistance to corrosion and wear, making it more 

appropriate for use in biomedical applications. 

- As the grinding duration increased, the crystallite size decreased to 29 nm, but the 

microstrain and lattice parameters increased to 0.99 % and 3.22 A°, respectively. 

- With longer milling durations, the Ti50-Ni50 alloys' relative porosity dramatically drops to 

11 %, increasing the alloys' density to 89 %. Increases in porosity and density improve 

the material's mechanical properties (hardness and elastic modulus), resistance to wear, 

and corrosion behavior. 

- The specimens' pore size was reduced to 10 nm at the maximum grinding times (12 and 

18 hours) in comparison to the early milling phases. 

- The maximum hardness and Young's modulus values of the sintered Ti50-Ni50 alloys were 

341 HV and 103 GPa, respectively, following 18 hours of milling. 

- One important biomaterials feature that influences how well they function and interact 

with cells and tissues is surface roughness, which decreased with milling time. 

- With prolonged milling times (18 h), the wear rate and COF were significantly decreased, 

reaching values of 29.67 × 10-3 μm3/N.μm and 0.31, respectively.  

- The refined grain size and closed porosity of powders milled for 18 hours are responsible 

for their improved tribological features, which include a reduced friction coefficient and 

higher wear resistance.  
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- The development of a stable passive layer on the sample surface is indicated by the OCP 

curves, which rise as immersion times increase up to 2500 seconds. 

- All Ti50-Ni50 alloys have a passivation region, which indicates the development of a 

passive film on their surface. 

- The current and the corrosion rate decreased with longer milling times, reaching 3.6945 × 

10-7 A/cm2 and 0.0074722 mm/year, respectively. However, the values of the corrosion 

potential shifted in the nobler direction. 

- As the milling time increases, the Ti50-Ni50 specimens' polarization resistance rises from 

427136.86 Ω/cm2 to 1176837.49 Ω/cm2, indicating improved material corrosion 

resistance. 

- The EIS findings support the capacitive behavior of Ti50-Ni50 by showing that the alloy's 

surfaces form a two-layer film and that longer grinding durations enhance the passive 

film's ability to resist corrosion. 

- Finally, the Ti50-Ni50 alloys may be ideal to be utilized as orthopedic implants.  

PERSPECTIVES 

In order to better understand the passivation phenomenon and the nature of oxide film formed on 

the surface of the Ti50-Ni50 alloy, other appropriate and efficient surface characterization 

techniques must be considered, especially XPS and Raman spectroscopy.  

A second perspective concerns the development of new biomaterials (based on titanium) and 

their comparison with Ti50-Ni50.  

A third perspective concerns the application of surface coatings by plasma or other processes.  

Finally, a tribocorrosion study could be considered to assess the synergy between wear and 

corrosion phenomena and their combined action 
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