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Abstract 

In the present study, single layer, and composite biocoatings of 

hydroxyapatite / titanium dioxide (HAp/TiO2) micro-particles coatings were 

fabricated by electrophoretic deposition on Ti-6Al-4V substrate. As a result 

of accidents, diseases and other causes, efforts and research are continued to 

reach results closest. The damaged that occur  to some of them in the living 

of the organism in general and the human being in particular, This can be 

done throughout the existing the implantation of medical minerals, ligaments 

of bones, teeth and other parts that compensate. Through science, 

opportunities and experiments have been provided to obtain satisfactory 

results in terms of the biocompatibility of titanium implants and their alloys, 

which are classified as one of the best biocompatible materials within vivo 

tissues.  

This study aims to increase the bioconductivity of Ti-based alloy, and 

improve its corrosive and antibacterial properties by coating the surface with 

a bioceramic (HAp/TiO2) micro-powders. Pure TiO2, pure HAp and 

composite biocoatings were made on (α+β) Ti6Al4V substrate  using an 

electrophoretic deposition (EPD) technique, charged particles suspended in 

ethanol at a concentration of 50 g/L, for each powder.  Polyethyleneimine 

(PEI) 6 g/L as binder at room temperature, with ideal conditions of 20V and 

a deposition time of one min,  and under a heat treatment of the coated 

samples to be carried out in an inert atmosphere of argon at 950°C for one 

hour to improve  the adhesion. 

The surface characteristics of coated substrates, such as thickness, 

topography, morphology phase transformations, and corrosion behavior, 

micro-hardness, surface roughness, wettability and antibacterial test were 

evaluated and compared to that of the uncoated substrates. The results 

showed that the EPD is a promising technique to create a composite 
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biocoatings on Ti6Al4V surface with outstanding structure and properties for 

biomedical applications.  

The results demonstrated that the coated sample under coating 

conditions (20V, 1.0min) had a ratio of calcium to phosphate equal to 1.81, 

which is close to the ratio found in living bone. The results also of the 

wettability test showed that the contact angle of the deposited paint is 13.11 

degrees, and this positive result is useful for biomedical applications and 

proved that the coating is hydrophilic. 
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Introduction 

1.1 General Introduction 
 

ccasionally, accidents happen and crucial parts of our bodies are in 

required of replacement or mending. Other times, as increasingly seen 

on a global scale, the same parts are worn out by a lifelong service to its 

host. Thanks to the dedicated work of countless medical professionals, 

scientists and engineers. However, biocompatible materials, surgical 

procedures, medicines, and antibiotics have been developed to successfully 

mend this, significantly improving the quality of life for millions of people. 

Nevertheless, the complexity of our biological system and its intricate 

symbiotic relationship with bacteria can still cause materials, surgical 

procedures or treatments to fail. These challenges, along with longer life 

expectancies and higher demands from society, have resulted in a pressing 

need for improvements and the development of new advanced products and 

technologies [1]. 

          Biomedical material is any substance that has been engineered to 

interact with biological systems for a medical purpose, which may be 

therapeutic (i.e., to treat, augment, repair, or replace malfunctioning tissue in 

the body) or diagnostic. Among the various types of biomedical materials, 

metallic materials are the most widely used because of their high load‐

supporting capacity, desirable qualities of wear and friction, and acceptable 

biocompatibility [2]. 
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2 CHAPTER ONE: INTRODUCTION 

Titanium and titanium alloys are the most frequently used metallic 

materials for biomedical applications due to their high strength-to-weight 

ratio, high fatigue resistance, and good biocompatibility [3,4].  

Regrettably, metallic implants suffer from different deficiencies, such 

as low/high corrosion resistance, releasing toxic ions, and low 

biocompatibility. Microbial infections in the biomedical implants pose a 

grave threat in modern medicine. A biofilm infection stays a prime reason of 

failure in biomaterial implants. Thus, the application of the antimicrobial 

agents into implant surfaces to prohibit implant-associated infection has 

attracted lots of surveillance. To find a solution to this matter, many surface 

modification methods are proposed that coating techniques are among the 

most paramount ones. Each of these techniques elucidates different 

capabilities and one has to choose a coating method based on their needs and 

implementations. Among these techniques, the most popular are sol-gel, 

high-velocity suspension spray, and electrochemical coating processes [5].  

1.2 Biomaterials 

Biomaterial is acquainted as "A nondrug substance  proper for listing 

in systems which increment or replace the function of bodily tissues or 

organs" [6].  

Biomaterials are broadly classified into three major categories 

according to biocompatibility are as follows: bioinert, bioactive, and 

bioresorbable. 

i. Bioinert: These are the materials which when placed has minimal 

interaction with the tissue surrounding it, thus leading to osteogenesis. 

Some of the examples are stainless steel, titanium, zirconium, 

alumina, and ultra‑high‑molecular‑weight polyethylene. 



 

 

 

 

3 CHAPTER ONE: INTRODUCTION 

ii. Bioactive: These are the materials once placed inside the oral cavity 

react with the hard tissues as well as the soft tissues. Examples are 

synthetic hydroxyapatite, glass ceramic, and bioglass. 

iii. Bioresorbable: These materials on placement begin to resorb which 

get slowly replaced with bone. Examples are tricalcium phosphate, 

polylactic–polyglycolic acid copolymers, calcium oxide, calcium 

carbonate, and gypsum. 

Thus, bioinert and bioactive materials are called as "osteoconductive”" 

materials as they have the ability to act as "scaffolds" for bone deposition on 

its surfaces [7]. 

Biomaterials can also be classified based on chemical composition into 

metals, ceramics, and polymers as follows : 

i. Metals: titanium, titanium alloys, stainless steel, cobalt chromium 

alloys, gold alloys, and tantalum 

ii. Ceramics: alumina, hydroxyapatite, beta‑tricalcium phosphate, carbon, 

carbon/silicon, bioglass, zirconia, and zirconia‑toughened alumina 

iii. Polymers: polymethyl methacrylate, polytetrafluoroethylene, 

polyethylene, polysulfone, polyurethane, and polyether ether ketone 

[8]. 

The first and foremost requirement for the choice of the biomaterial is 

its acceptability by the living  body. The implanted material should not cause 

any adverse effects like allergy, inflammation and toxicity either 

immediately after surgery or under post-operative conditions. Secondly, 

biomaterials should possess sufficient mechanical strength to sustain the 

forces to which they are subjected, so that they do not undergo fracture and 

more importantly, a bioimplant should have very high corrosion and wear 

resistance in highly corrosive body environment and varying loading 

conditions, apart from fatigue strength and fracture toughness. The success 

of a biomaterial or an implant is highly dependent on three major factors (i) 
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the properties (mechanical, chemical and tribological) of the biomaterial in 

question (ii) biocompatibility of the implant and (iii) the health condition of 

the recipient and the competency of the surgeon [9, 10]. 

Application of biomaterials in human body as implants is  very 

common nowadays. In Figure (1.1), the locations of implants in different 

areas of human body are shown. As illustrated, biomaterials can be used in 

many locations in human body such as shoulders, hips, joints, bones, dental 

implants, etc. Once these biomaterials are planted in the human body, they 

will be subjected to human body fluid environment. The living body fluid is 

corrosive for metallic biomaterials. As a result, biomaterials degradation 

occurs ultimately unless they are covered with appropriate coatings that 

could prevent corrosion [9]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (1.1): Application of biomaterials as implants in different areas of 

human body [9]. 
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1.3 Biomedical Coating 

The biological behavior of an implant is quite dependent on the 

chemical composition and morphology of the surface. Assortment of coating 

systems comprising biopolymers, bioceramics and their combinations have 

been developed to amend the surface characteristics of metallic implants, 

enhancing the biocompatibility and bone-to-implant connect. At the same 

time, coatings also act as a barrier to shield the implant from the body fluid 

environment and thus protect against corrosion [11, 12]. Moreover, the 

prepared coating can do as a local drug surrender platform, releasing 

biomolecules (growth factors, antibiotics, peptides, proteins, genes) which 

have been preloaded into the coating structure, to transform biomaterials to 

"living tissues" for a certain implementation. Since one of the reasons for the 

failure of metal implants is bacterial infection, it is necessary to find a 

coating that acts as an anti-adhesion and growth of bacteria on the surface of 

the implant[13]. 

1.4 Problems of Metallic Implants 

There are several challenges associated with the use of implantable 

metals: 

1. Stress shielding (biomechanical stabilities): It is well known that 

the stress transfer between an implant device and a bone is not 

homogeneous when Young’s moduli of the implant device and the 

bone is different; this is defined as stress shielding. In such 

conditions, bone atrophy occurs and leads to the loosening of the 

implant and refracturing of the bone [14]. Therefore, it is desirable if 

the stiffness (Young’s modulus) is not too high compared to that of 

bone. Implant devices are mainly made from metallic biomaterials 

such as stainless steels, Co-Cr alloys, and titanium (Ti) and its alloys. 

Young’s moduli of these metallic biomaterials are generally much 
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greater than that of the bone. Young’s moduli of the most widely 

used stainless steel for implant devices, SUS316L stainless steel and 

Co-Cr alloys, are around 180 GPa and 210 GPa, respectively [15]. 

Young’s moduli of Ti (pure titanium) and its alloys are generally 

smaller than those of stainless steels and Co-Cr alloys. For example, 

Ti and its alloy, Ti-6Al-4V extra low interstitial, which are widely 

used for constructing implant devices, have a Young’s modulus of 

around 110 GPa. However, this value is still higher than that of the 

bone, that is, 10–30 GPa [16]. When a metal implant is implanted 

into the femur, the physiological loading is often transferred to the 

implant from the surrounding bone. Therefore, the implanted femur 

is experiencing decreased loads when compared to it in its natural 

state. Bone remodeling occurs in which bone gets resorbed and loses 

mass, which is known as stress shielding [17]. The reduced bone 

stock can lead to serious complications including peri-prosthetic 

fracture, and clinically can present with thigh pain [18]. In addition, 

stress shielding can also reduce the quality of the remaining bone 

stock which leads to an increased risk for fracture and aseptic 

loosening. 

Stress shielding in femur occurs when some of the loads are taken by 

prosthesis and shielded from going to the bone. Normally, femur 

carries its external load by itself where the load is transmitted from 

the femoral head through the femoral neck to the cortical bone of the 

proximal femur as shown in Figure (1.2-a). When stiffer stem is 

introduced into the canal, it shares the load and the carrying capacity 

with bone. Originally, the load is carried by bone, but it is now 

carried by implant and bone. As a result, the bone is subjected to 

reduce stresses and hence stress shielded. The upper part of the femur 

https://scialert.net/fulltext/?doi=jms.2007.460.467#f1
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receives fewer loads. The stress shielded area is whiter as shown 

in Figure (1.2-b) [19].  

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) femoral neck to the cortical         (b) The upper part of the femur 

bone of the proximal femur 

Figure (1.2): Simple scheme of stress shielding [19]. 

 

2. Corrosion (toxicity risk): Corrosion is an important factor in the 

design and selection of metals and alloys for service in vivo. In 

addition, various corrosion mechanisms can lead to implant 

loosening and failure [20, 21]. Corrosion, the gradual degradation of 

materials by electrochemical attack is of great concern particularly 

when a metallic implant is placed in the hostile electrolytic 

environment of the human body. The implants face severe corrosion 

environment which includes blood and other constituents of the body 

fluid which encompass several constituents like water, sodium, 

chlorine, proteins, plasma, amino acids along with mucin in the case 

https://scialert.net/fulltext/?doi=jms.2007.460.467#f1
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of saliva [22]. The corrosion of metallic implants can affect the 

surrounding tissues in three ways: (i) electrical current may affect the 

behaviour of cells, (ii) the corrosion process may change the 

chemical environment, and (iii) metal ions may affect cellular 

metabolism [23,24]. 

Corrosion occurs when a material gradually deteriorates after 

undergoing electrochemical reactions as a result of being placed in 

the body’s harsh electrolytic environment. The fluid medium in the 

body is made up of various anions, cations, and other components. 

Biological molecules, such as proteins, interfere with the equilibrium 

of corrosion reactions by binding themselves to the ions discharged 

from the metal whereas those absorbed on the surface reduce the 

oxygen diffusion at certain regions thus, causing corrosion [25]. In 

general, corrosion stems from either metal imbalance such as phase 

variation, grain boundaries, and impurities or from shape and 

environmental changes such as crevices, scratches, defects in coating, 

amount of oxygen, and others. For a metal (M), the general corrosion 

reactions that would occur in a physiological environment is 

represented below [26]: 

Anodic reaction: 

   M →  M𝑛+ + 𝑛𝑒−        … … … … … … … … (1 − 1)                                                 

Cathode  reaction:       

 2H2O + 2e− →  H2 + 2OH−     … … … … … … … … … . . (1 − 2)                                                     

2H2O + O2 + 4e− → 4OH−     … … … … … … … … … … . . (1 − 3)                                                                    

Product formation: 

Mn+ + nOH− →  M(OH)n     … … … … … … … … … … … (1 − 4)                                                  
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Metal ions released into the human body do not always harm it; the 

partner for combination with them is very important, see Figure 

(1.3). Whether anion will be active and immediately react with water 

molecules or inorganic, anions it, depends on the number and mass of 

the molecules. For example, titanium ion is very active and readily 

reacts with hydroxyl radicals and anions, forming oxide and salt in 

body fluids, thus indicating that the possibility of combination with 

biomolecules is low. However, this does not mean that the reaction of 

titanium ions with biomolecules will not occur at all. Zirconium, 

niobium and tantalum ions behave like titanium ions. On the other 

hand, inactive ions, for example, of nickel and copper, do not 

immediately combine with water molecules and inorganic anions and 

last in the ionic state for relatively long time. Therefore, these ions 

have higher chance of combining with biomolecules and exhibit 

toxicity. To conclude, the following factors must be considered when 

dealing with toxicity of metallic biomaterials: (i) corrosion resistance 

of the material, (ii) ions released by corrosion and wear, (iii) activity 

of the released ions, and (iv) toxicity of the ion itself [27]. 
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Figure (1.3): Two possible toxicity routes for metal ions released 

into body fluids due to corrosion and wear[27]. 

The types of corrosion that are pertinent to the currently used alloys 

are pitting, crevice, galvanic, intergranular, stress-corrosion cracking, 

corrosion fatigue and fretting corrosion. 

3. Osseointegration is defined as a direct structural and functional 

connection between ordered, living bone and the surface of a load-

carrying implant, is critical for implant stability. Osseointegration is 

also a measure of implant stability, which can occur at two different 

stages: primary and secondary. Primary stability of an implant 

mainly comes from mechanical engagement with compact bone. 

Secondary stability, on other hand, offers biological stability through 

bone regeneration and remodeling. The former is a requirement for 

secondary stability. The latter, however dictates the time of 

functional loading [28]. 

4. Infection:  Infection is a major problem in orthopedics leading to 

implant failure. It is a challenging task to treat orthopedic implant 

infections that may lead to implant replacement and, in severe cases, 

may result in amputation and mortality [29]. Sources of infectious 

bacteria include the environment of the operating room, surgical 

equipment, clothing worn by medical and paramedical staff, resident 

bacteria on the patient’s skin and bacteria already residing in the 

patient’s body. Implant-associated infections are the result of bacteria 

adhesion to an implant surface and subsequent biofilm formation at 

the implantation site [30]. Formation of biofilm takes place in several 

stages, starting with rapid surface attachment, followed by 

multilayered bacterial cell proliferation and intercellular adhesion in 

an extracellular polysaccharide matrix [31]. There are four steps for 
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biofilm formation on implant (see Figure 1.4). Step one: The 

bacteria initially attach on the substrate. Step two: Accumulation of 

multiple cell layers through cell aggregation and accumulation. Step 

three: matrix elaboration and biofilm development. Step four: 

Bacterial release to start a new cycle of biofilm formation in a 

proximal location [32]. 

 

 

 

 

 

Figure (1.4): The four stages of biofilm development. (a) Initial 

bacterial attachment. (b) Bacteria start to produce multiple layers 

through cell aggregation and accumulation. (c) Biofilm development 

and matrix elaboration. (d) Bacteria start a new cycle of biofilm 

formation in different location [33]. 

The formation of biofilms on medical devices presents three major problems 

as follows.  

i. First, bacterial communities on these surfaces represent a 

reservoir of bacteria that can be shed into the body, leading to 

a chronic infection.  

ii. Second, biofilm bacteria are highly resistant to treatment with 

antibiotics; therefore, once these bacterial communities form, 

they are extremely difficult to eliminate with conventional 

antimicrobial therapies.  

iii. Finally, because host responses and antimicrobial therapies are 

often unable to eliminate bacteria growing in a biofilm, a 

chronic inflammatory response at the site of the biofilm may 

be produced[31]. 

(A) (B) (C) (D) 
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         Can be concluded from the mentioned above, these problems are 

sometimes severe in the traditional metallic implants. So in order to 

overcome these problems, titanium alloy (Ti6Al4V) coated by functionally 

graded bioactive micro titanium dioxide and hydroxyapatite (TiO2/HAp) 

layer which are close as possible to practical conditions. This research is 

seeked to cover the limited area of research about this problem. 

 

1.5 Objectives of the Present Study 

         It is clear that there is a lack of experimental studies on the behavior of 

titanium alloy (Ti6Al4V) coated by composite biocoatings bioactive micro 

titanium dioxide and hydroxyapatite (TiO2/HAp) layer. Therefore, the origin 

of this idea is the need to study the performance of composite biocoatings 

bioactive coatings in human body environments using (artificial Saliva, NaCl 

0.9% and Ringer's solutions). 

      The overall aim of this work is to provide a strategy for preparing the 

biomaterial Ti6Al4V to be coated with a functionally graded bioactive 

material of titanium dioxide and hydroxyapatite (TiO2/HAp) layer in 

different weight percentages in order to increase its biocompatibility and to 

prevent the growth and adhesion of bacteria and microbes on the surface of 

the implant and to reduce the thermal stresses. The method used is 

electrophoretic deposition (EPD) for this purpose. To address this knowledge 

gap the following research objectives are set-out as a part of this research: 

1. Studying experimentally, the development of  biocompatible coating on 

the surface of Ti6Al4V alloy using ceramic micro-particles TiO2/HAp 

by EPD technique. 

2. Searching the influence of suspension composition and EPD processing 

parameters (deposition voltage and deposition time) to reach the 

optimal coating conditions of samples. 
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3. Investigating experimentally the reduction of corrosion effect and 

dissolution behavior of metallic implants in artificial Saliva and Hank's 

solution. 

4. Assessing the produced composite biocoatings materials part will be 

performed via scanning electron microscope (SEM), energy dispersive 

X-ray (EDX) and X-ray diffraction (XRD) analysis, as well as 

mechanical properties such as microhardness have to be evaluated for 

composite biocoatings materials. 

5. Experimentally studying of antibacterial properties which grow on the 

fabricated surface. 

6. Experimentally  studying the influence of changes in thermal expansion 

behavior of coating-substrate interface after sintering by 

implementation of composite biocoatings material.   

  

1.6 Thesis Contents 

         This thesis comprises of five chapters including the introductory 

chapter. The appendices are also included to provide supporting data for the 

present work. 

 Chapter one (introduction) lists the definition, applications and 

historical background of the biomaterials. Also, it gives a description of the 

research importance objectives, and the research outline.  

Chapter two (Theoretical part and literature review) reviews a 

number of studies and scientific researches which have been published on 

the definition, principle and mechanism of electrophoretic deposition 

technology accredited scholars and researchers. 

 Chapter three (experimental program) includes details of the 

materials considered throughout this work, mix proportion, method of 

coating, testing procedures and experimental details.  
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Chapter four (results and discussion) the results obtained from the 

experimental work are presented and discussed in details. It explains the 

characterization of prepared composite biocoatings material and the obtained 

results of mechanical,  metal ion release and corrosion tests of the prepared 

composite biocoatings material. In addition, it discusses the X-ray diffraction 

(XRD), scanning electron microscopy (SEM),  and hardness tests.  

Chapter five (conclusions and recommendations) includes the 

summary and the conclusion of the research work. This chapter also includes 

recommendations for future studies. 
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Review of Literature 

2.1 General View 

 
his chapter covers a general view about biotic titanium alloy Ti-6Al-4V 

and functionally gradient coating of HA/TiO2 bio-ceramic used in 

metallic implants. There will be a focus on the functionally graded materials 

(FGMs) properties and their applications in various fields, also the difference 

between them and traditional composites, as well as coating techniques. This 

chapter will cover up the literature relevant to this study, several neoteric 

experimental and theoretical investigations about biomaterials on the one 

hand and electrophoretic deposition, on the other in general. 

          The world people median age is growing; so the demand for bone 

substitute metallic implant will increase. Property features like as relatively 

low elastic modulus, high fatigue strength, and the osseointegration made 

titanium an appropriate choice for bone implant industrialization. However, 

weak surface characteristics such as depressed hardness, scant wear and 

scratch resistance deemed as its blind spot. Therefore research and 

development on titanium implants was concentrated on surface engineering. 

The using of bioactive hydroxyapatite (HAp) as a coating the titanium 

implant surface, gets better the surface characteristics. As well as accelerates 

the induction and conduction of the osteoblast cells, which in turn reduce the 

implant fixation time in the host tissue. 
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          In spite of the common utilize of HAp coating, its permanency has 

permanently been a challenge due to a contradiction between ceramic 

coating and metallic substrate characteristics, especially coefficient of 

thermal expansion which outcomes in residual stresses. Insufficient coating 

coherency and indigent adhesion to the substrate lead to the coating 

delamination and detachment under loading in the physiological 

environment and inflammatory responses arise. Therefore, the coated 

implant not only will have utility over non-coated ones but also has more 

destructive consequences, so in spite of coating procedure, permanency and 

durability of HAp coating deemed as a general demand [1,7]. 

   The TiO2 layer is a favorable option as an intermediate layer between the 

HAp coating and the titanium substrate, because of the high mechanical 

integrity of TiO2 with HAp and its chemical similarity to both HAp and 

titanium [16]. Moreover, the TiO2 coating has superior tribological 

properties, anti-bacterial activity, and its biocompatibility has been proven 

by in-vitro and in-vivo biological tests [22,23]. [17] are amongst the 

researchers who accomplished promising outcomes by using the TiO2 as a 

middle layer.         

2.2 Types of Biomaterials  

          A biomaterial is any material, natural or man-made, that comprises 

whole or part of a living structure or biomedical device which performs, 

augments, or replaces a natural function [24]. These biomaterials are 

specifically designed by utilizing the classes of materials: polymers, 

ceramics, metals and composite materials. Most of the biomaterials available 

today are developed either singly or in combination of the materials of these 

classes. These classes of materials have different atomic arrangement which 

present the diversified structural, physical, chemical, and mechanical 

properties and hence offer various alternative applications in the body. The 

classes of the materials are illustrated in the following sections [25]. 
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2.2.1 Polymers 

           Polymers are the convenient materials for biomedical applications and 

used as cardiovascular devices for replacement and proliferation of various 

soft tissues. There are a large number of polymeric materials that have been 

used as implants. The current applications of them include cardiac valves, 

artificial hearts, vascular grafts, breast prosthesis, dental materials [26], 

contact and intraocular lenses [27], fixtures of extracorporeal oxygenators, 

dialysis and plasmapheresis systems, coating materials for medical products, 

surgical materials, tissue adhesives, etc. [28]. The composition, structure, 

and organization of constituent macromolecules specify the properties of 

polymers. Further, the versatility in diverse application requires the 

production of polymers that are pre-pared in different structures and 

compositions with appropriate physicochemical, interfacial, and biomimetic 

properties to meet specific purpose[29]. 

 2.2.2 Ceramics 

          Ceramics are another class of materials used for designing 

biomaterials. The use of ceramics is motivated by their inertness in the body, 

their assay formability into a variety of shapes and porosities, high 

compressive strength, and excellent wear characteristics. Ceramics are used 

as parts of the musculoskeletal system, hip prostheses, artificial knees, bone 

grafts, dental and orthopedic implants, orbital and middle ear implants, 

cardiac valves, and coatings to improve the biocompatibility of metallic 

implants. Though ceramics are utilized for designing biomaterials, yet they 

have been preferred less commonly than either metals or polymers. 

Applications of ceramics in some cases are severely restricted due to 

brittleness and poor tensile strength. However, bioceramics of phosphates 

are widely used to manufacture ideal biomaterials due to their high 

biocompatibility and bone integration, as well as being the materials that are 



 
18 CHAPTER TWO: REVIEW OF LITERATURE 

 

most similar to the mineral component of the bones [30]. Some of the 

materials which used in this study are: 

A- Hydroxyapatite (HAp) 

          Hydroxyapatite (HAp) has been used as a bioactive component in 

dental and orthopedic fields for many decades [31]. HA belongs to the 

calcium phosphates group possessing the following chemical formula of    

Ca (PO4)6(OH)2, which can be found in nature chemically synthesized. It 

seems to be the most suitable ceramic material for hard tissue replacement 

implants from the view of biocompatibility. The methodology behind the 

wide use of HAp is because of its similar composition to bone. Therefore, 

HAp ceramics don't exhibit any cytotoxic effects. Around 70% of human 

bone and up to 90% of human dental enamel is made up of calcium 

phosphate. Since HAp closely resembles the chemical structure of bone, 

rapid integration and bone regeneration will be obtained by using HAp [32]. 

To overcome the brittle character of bioceramics, HAp is usually coated on 

the surface of titanium implants as load-bearing prosthesis [33].  

          Among the ceramics, apatite's occupied a prominent role. The calcium 

phosphate-based biomaterials are used in a number of different applications 

throughout the body, covering all areas of the skeleton. A few of its 

applications include dental implants, transdermic devices and use in 

periodontal treatment, treatment of bone defects, fracture treatment, total 

joint replacement, orthopedics, cranio-maxillofacial reconstruction, 

otolaryngology, and spinal surgery. Second, hydroxyapatite has been used as 

filler for bone defects and as an implant in load-free anatomic sites such as 

nasal septal bone and middle ear. It is also used to develop bio-eye 

hydroxyapatite orbital implants [34] and hydroxyapatite block ceramic [35]. 

In addition to these applications, hydroxyapatite has been used as a coating 

material for stainless steels, titanium and its alloys based implants, and on 

metallic orthopedic and dental implants to promote their fixation in bone. In 
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this case, the fundamental metal surfaces to the surrounding bone strongly 

bonds to hydroxyapatite. However, care has to be taken to avoid 

delamination. Since, delamination of the ceramic layer from the metal 

surface causes serious problems and results in the implant failure [36]. 

B- Titania (TiO2) 

          Three phases of oxide titanium or titania in atmosphere air are anatase, 

rutile and brookite. Pure Rutile is a desirable phase in clinical applications 

due to the high corrosion protection of metallic implants, a large single 

crystals can be easily obtained, high biocompatibility and usually stated to be 

the thermodynamically most stable form of TiO2. Anatase phase also has 

bioactivity properties. Anatase gradually transforms to rutile depending on 

temperature that has bioactivity properties. There are only small differences 

in Gibbs free energy between anatase, brookite and rutile (4-20 kJ/mol) 

meaning that the metastable polymer phase is almost as stable as rutile at 

normal pressures and temperatures [37, 38].  

          Titanium dioxide combines excellent resistance to corrosion and 

superior biocompatibility with photocatalytic activity. These properties make 

TiO2 an ideal biomaterial with various ubiquitous applications in 

pharmaceuticals, pigments and cosmetics, and it has attracted particularly 

wide usage in the biomedical field as an integrating agent for implant-bone 

tissues. These ideal properties are due to its physio-chemical properties, 

including inertness, thermal stability, and an ability to assume various 

polymorphic forms: anatase, rutile, brookite, and oxygen deficient α-Ti3O5 

[39]. The application of TiO2 anatase coatings on the Ti-implant surface is 

one of the best ways to enhance the interactions between the material and the 

biological environment at the interface. Lorenzetti [25], reported that an 

anatase layer significantly reduced bacterial attachment with respect to the 
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amorphous titania layer, without adverse effects on the cell metabolic 

activity [40]. 

2.2.3 Metals and Alloys 

          Metallic implant materials have gained immense clinical importance in 

the medical field for a long time. Many of metal and metal alloys which are 

used for medical requirements include stainless steel (316L), titanium and 

alloys (Cp-Ti, Ti6Al4V), cobalt chromium alloys (Co Cr), zirconium 

niobium, and tungsten heavy alloys. The rapid growth and development in 

biomaterial field has created scope to develop many medical products made 

of metal such as dental implants, craniofacial plates and screws; parts of 

artificial hearts, pacemakers, clips, valves, balloon catheters, medical devices 

and equipments; and bone fixation devices, dental materials, medical 

radiation shielding products, prosthetic and orthodontic devices for 

biomedical applications [29]. Though there are other classes of materials 

from which biomaterials can be prepared, engineers prefer metals as a 

crucial one to design the required biomaterial. The main criteria in selection 

of metal-based materials for biomedical applications are their excellent 

biocompatibility, convenient mechanical properties, good corrosion 

resistance, and low cost [41]. 

          The mechanical properties of metals have a great importance while 

designing load-bearing dental and orthopedic implants. However, when the 

implant requires high wear resistance such as artificial joints, Co Cr Mo 

alloys are used to serve the purpose. The properties of high tensile strength 

and fatigue limit of the metals allow them the possibility to design the 

implants that can carry good mechanical loads compared with ceramics and 

polymeric materials. In comparison to polymers, metals have higher ultimate 

tensile strength and elastic modulus but lower strains at failure. However, in 

comparison to ceramics, metals have lower strengths and elastic modulus 

with higher strains to failure [42].  



 
21 CHAPTER TWO: REVIEW OF LITERATURE 

 

          In the biologic medium, when the metal-based biomaterial is 

implanted, the surface of material can change and degrade to release some 

by-products. Owing to this releasing process, interactions between metallic 

implant surface and cell or tissues occur [29]. This factor has stimulated the 

present day researchers to give great importance in understanding the surface 

properties of metallic products in order to develop biocompatible materials 

[25]. 

2.2.4 Composite Materials 

          Composites are engineering materials which contain two or more 

physical and/or chemical distinct, properly arranged or distributed 

constituent materials that have different physical properties than those of 

individual constituent materials. Composite materials have a continuous bulk 

phase called matrix and one or more discontinuous dispersed phases called 

reinforcement, which usually has superior properties than the matrix. 

Separately, there is a third phase named as interphase between matrix and 

reinforced phases [43]. Composites have unique properties and are usually 

stronger than any of the single materials from which they are made, hence 

are applied to some difficult problems where tissue in-growth is necessary. 

In recent years, scientific research has been focused to develop variety of 

biomedical composite materials, because they are new alternative solutions 

for load-bearing tissue components.  

     The main advantage of the composite biomaterials is though the 

individual metals or ceramic materials suffer from disadvantages like 

exhibition of low biocompatibility and corrosion by metals, brittleness, and 

low fracture strength by ceramic materials, the composite materials provide 

alternative route to improve many undesirable properties of homogenous 

materials (metals or ceramics).  
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          The properties of the constituent materials have significant influence 

on composite biomaterials. One of the factor “linear expansion” plays a 

crucial role in designing composite biomaterial. Often composites are made 

from constituents that have similar linear expansion constants. If the 

constituent materials possess distinct linear expansion constants, contact area 

(interface) between reinforcement and matrix materials can generate large 

voids through the contact surface, which blots the purpose of the implant. 

Therefore, more care is required in selection of individual constituents while 

processing the composite biomaterial by bone tissue engineers [25]. 

2.3 Functionally Graded Materials 

          Functionally graded materials are a special class of composite 

materials, whose composition and/or microstructure vary in space in a 

controlled manner. In traditional (not graded) composites, the distribution of 

the constituent phases is - on average - uniform in space, involving a 

compromise between their peculiar properties. Composite materials permit 

prominent combinations giving hard, wear resistant surface and soft core as 

per functional requirement of the application. Heterogeneity, anisotropy, 

symmetry, and hierarchy are the major properties of composite materials 

reaping particular interest for numerous applications. Higher resistance to 

fatigue, wear and corrosion, high reliability and other properties are the 

benefits of composites over pure or alloyed metals. Although all these 

advantages, composite materials are exposed to the sharp transition of 

properties at the interface which can outcome in component failure (by 

delamination) at perilous working situations (See Figure 2.1). Instead, 

graded structures integrate different materials without severe internal stresses 

and combine different properties in one material system; in other words, the 

desirable properties of the ingredient materials can be fully exploited without 
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creating an abrupt interface between macro-domains of heterogeneous 

composition [44, 45]. 

        This damage of traditional composites reduced by improved composites 

forms known as FGMs. In these materials, the sharp interface is subrogated 

by a gradient interface and that led to the smooth transition of characteristics 

from one material to the other. These sophisticated materials with engineered 

gradients of composition, specific characteristics and  structure in the 

preferred direction are superior to a homogeneous material composed of  

comparable ingredients [46]. 

          Even if the most common idea of FGM implies that two different 

constituent phases change gradually from one to the other (for example, from 

ceramic to metal), FGMs include all those functional materials whose 

properties change locally according to a specific design, arbitrarily 

introduced to fit an intended application or to enhance a wide variety of 

properties, especially the mechanical ones. As a matter of fact, if 

appropriately designed, the presence of a functional gradient at the 

microscale may result in improved properties at the macroscale [47]. 

Therefore, the FGCs are developed version of the traditional double layered 

coatings, in which their chemical composition changes gradually according 

to a predetermined pattern [8]; presented the opportunity to combine various 

layers with minimum residual stresses and improved interface bonding.  

        The mechanical characteristics such as elastic modulus, poisson’s ratio, 

elastic modulus for shear, the density of materials and thermal expansion 

coefficient are differing smoothly and continuously in favorite FGMs 

directions. Due to these different properties, the functionally graded 

materials used as a biomedical material and there are many examples of 

natural FGCs like  bones, teeth and skin [49]. Basically, a functionally 

graded film is composed of a buffer layer at the substrate which gives 

maximum bonding whilst the outermost top coat layer provides good 
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bioactive properties to accelerate bone healing. In between the two there lies 

a transition layer with intermediate properties as shown in Figure (2.2) [50]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (2.1): Variation of properties in conventional composites and FGM 

[44]. 

 

 

 

 

 

 

 

 

 

 

Figure (2.2): Functionally graded coating  [50]. 
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2.4 Functionally Graded Materials Applications 

There are numerous implementations for (FGMs) and below several of them: 

2.4.1 Aerospace Field 

       (FGMs) are utilized in aerospace manufacture due to the ability of these 

materials to impedance the high thermal gradient, the withstanding for very 

high thermal gradient make these materials appropriate structures in airplane 

body, the components of the rocket motor and numerous other 

implementations in the space [51].  

2.4.2 Optoelectronics Field  

          Nowadays, graded materials are widely used for antireflective layers, 

fibers, GRIN lenses and other passive elements made from dielectrics, also 

for sensors and energy applications. For example, the modulation of 

refractive index could be obtained in such components through the change in 

material composition. Another possibility is to apply concept of gradation in 

semiconductor active devices. In semiconductors the material function can 

describe energetic band gap, refractive index, carrier concentration, carrier 

mobility, diffusion length, built-in electric field and another properties which 

strong influence the parameters of optoelectronic devices [52]. 

2.4.3 Defense Field 

          Through the characteristics of the functionally graded materials is well 

known these materials have an superior ability to prohibit cracks from 

spreading. These properties help to implement these materials in defense 

especially to conserve soldiers from a gun by manufacturing armour plates 

and bullet-proof vests [53]. 
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 2.4.3 Energy Sector   

         Functionally graded materials also have special properties based on 

heat resistance, corrosion resistance and thermal shock resistance. In 

particular, the development of various special function graded materials has 

made FGM play an important role in the energy field [54]. 

2.4.4 Biological Field  

          The gradient material is common in nature, such as the shell of layered 

structure, the hard and tough animal skeleton, and the layered human skin. 

The medical development of FGM makes medical assistance to patients 

more timely and effective. The functionally graded material has the 

characteristics of high specific strength, high specific modulus, abrasion 

resistance and biocompatibility. Based on this, the artificial joint developed 

makes the artificial prosthesis and the patient's own skeleton have strong 

binding force and reliable Durable, showing good biocompatibility, but also 

has good self-healing and repair of regenerative properties. With its superior 

properties, FGM has a good application prospect in the biomedical fields, 

such as artificial bones, teeth, and heart [54]. 

2.4.5 Construction Field 

          Construction manufacturing mug numerous challenges that related to 

materials performance, cost of materials and their environmental affect. As 

well the change of the functionality of the building structures that vary 

depending on the building location open the way to use FGMs in the 

construction field. When utilize (FGMs) the structure and the composition of 

materials will be changed gradually over the volume, and that leads to the 

different material properties [55]. 
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2.5 Physical Metallurgy of Titanium Alloys 

              Titanium does not occur as a pure metal in nature, but forms 

compounds with other chemical elements e.g. oxygen. Common ores are 

rutile and ilmenite. Titanium is present in the Earth's crust at a level of 

approximately 0.6%, and it is the fourth most abundant structural metal after 

aluminum (Al), iron (Fe) and magnesium (Mg) [56]. It is a transition metal 

and has an atomic number of 22 and an atomic weight of 47.9. Because it 

has an incomplete electron shell in its electronic structure, elements which 

are within the range of 0.85-1.15 of the atomic radius of titanium can alloy 

substitutionally and have a significant solubility. Elements with an atomic 

radius that is substantially smaller than the radius of titanium, e.g. oxygen 

(O), nitrogen (N) and hydrogen (H), occupy interstitial sites in the crystal 

structure [57, 58]. Titanium can crystallize to form various structures, but 

each is only stable within a particular temperature range [59]. Pure titanium 

exists in two allotropic forms. The low-temperature (A), hexagonal close 

packed structure (hcp), is stable below 882.5 ºC the transus temperature. The 

high-temperature (B), body centred cubic structure (bcc), is stable between 

882.5 ºC and the melting point of 1670 ºC [60]. The crystal structure of the 

hcp α and bcc β phases are shown in Figure (2.3 A,B). Adding certain alpha 

stabilizing elements, such as Al, gallium (Ga), oxygen (O) and germanium 

(Gr), can raise the transus temperature of titanium. Elements such as 

molybdenum (Mo), vanadium (V) and chromium (Cr) stabilize the β phase 

by lowering the temperature of transformation from the hexagonal structure 

to the cubic structure [61].  
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Figure (2.3): Crystal structure of (A) bcc phase (also called β phase) and 

(B) hcp phase (also called α phase) [61]. 

 

2.6 Alloy Classification 

Depending on the alloying stabilizers and phases present in the 

microstructure, titanium alloys are classified as; α, β or α + β. Commercially 

unalloyed titanium (also known as CP-Ti) and α alloys have essentially all-

alpha microstructures. β alloys have largely all-beta microstructures after air 

cooling from the solution treatment temperature above the beta transus. α + β 

alloys contain a mixture of alpha and beta phases at room temperature. A list 

of the most important commercial alloys belonging to each of these three 

different groups is shown in Table (2-1) [61]. 

         The widely used, classification by [57] suggested three main classes; α, 

α + β, and (meta-stable and stable) β-alloys, based on their location in the 

pseudo-binary β-isomorphous phase diagram. Tβ is the β solvus temperature. 

Adapted from [62]. 
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       Table (2-1): Chemical compositions of important commercial 

titanium alloys [61].  

 

Alloy 

classification  

Alloy name  Alloy composition (wt.%)  Tβ  

[ºC] 

 

 

α and near-α  

CP Grade 1  

CP Grade 2  

CP Grade 4  

CP Grade 12  

IMI 834  

CP-Ti (0.2Fe, 0.18O)  

CP-Ti (0.3Fe, 0.25O)  

CP-Ti (0.5Fe, 0.40O)  

Ti-0.3Mo-0.8Ni 880 

Ti-5.8Al-4Sn-3.5Zr-0.7Nb-0.5Mo-0.35Si 

890 

915 

950 

880 

1045 

 

α + β  

Ti-6Al-4V  

Ti-6242 

Ti-6246 

Ti-6Al-4V  

Ti-6Al-2Sn-4Zr-2Mo-0.1Si  

Ti-6Al-2Sn-4Zr-6Mo  

995 

995 

940 

 

 

β  

Ti-17  

Ti-5553  

Ti-15-3 

Beta-CEZ 

Ti-5Al-2Sn-2Zr-4Mo-4Cr  

Ti-5Al-5Mo-5V-3Cr-0.5Fe  

Ti-5V-3Cr-3Al-3Sn  

Ti-5Al-2Sn-2Cr-4Mo-4Zr-1Fe  

890 

- 

760 

890  

 

2.6.1 α and near-α alloys 

          The class of α titanium consists of unalloyed titanium and α (near-α) 

alloys. Unalloyed titanium and α alloys have a single-phase, hexagonal close 

packed crystal structure. Because these alloys are single-phase, their tensile 

strength is relatively low [63]. Single phase α alloys are widely used in 

applications that are not particularly demanding in terms of strength. α alloys 

are attractive due to their corrosion resistance and are used in applications 

such as tube heat exchangers. The different grades of CP Ti differ with 

respect to their iron and oxygen content from 0.18% (grade 1) to 0.40% 

(grade 4). Oxygen is an interstitial alloying element which significantly 

increases strength with a reduction in ductility. Small amounts of beta 
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stabilizers are also sometimes added to allow greater manipulation of the 

microstructure during processing. Titanium alloys based on the α phase are 

attractive materials for structural applications due to their high strength (700-

1000 MPa), good fracture toughness, relatively low density and corrosion 

resistance. The most widely used commercial high-temperature titanium 

alloys for aero-engine application belong to the near α class. Near-α alloys 

contain up to 2% beta stabilizing elements. As a result, these alloys contain a 

small amount of beta phase in the microstructure and they behave more like 

α alloys than α+β alloys [56, 63]. Despite all these attractive properties, the 

performance of Ti alloys is often hindered by the phenomenon of dwell 

fatigue. 

2.6.2   α + β alloys 

          α+β titanium alloys contain both alpha and beta phases. Ti-6Al-4V is 

the most commonly used alloy which has a good combination of mechanical 

properties, wide processing window, and can be used up to a temperature of 

350 ºC [64]. Aluminum is added to stabilize and strengthen the alpha phase 

while the addition of vanadium, as a beta stabilizing element, offers a greater 

proportion of the ductile beta phase during hot forming operations such as 

rolling. Mechanical performance is controlled via ageing to control 

microstructural development. Table (2-2) summarizes the physical and 

mechanical properties along with the temperature capabilities of some of the 

commercially used Ti alloys. Ti-6Al-4V is referred to as like 'workhorse' of 

the titanium industry because it is the most commonly used titanium alloy. 

This alloy is usually subjected to heat treatment to achieve moderate increase 

in strength [65]. Ti-6Al-4V can be considered for any application where a 

combination of light weight, high specific strength, corrosion resistance, 

excellent high temperature properties and metallurgical stability are required. 

This material has been used in many applications such as, aerospace 
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applications, medical devices, biomedical applications, automotive parts, 

marine applications, and sports equipment [65,66].  

            α + β alloys account for approximately 60 wt.% of the titanium used in 

aerospace and up to 80 to 90 wt.% of that used for airframes. The 

understanding microstructural variances of titanium alloys and the effect on 

mechanical properties are important, because the failure of a component may 

cause serious consequences for the aircraft. 

Table (2-2): Properties of some titanium alloys including density (ρ), 

ultimate tensile strength  and Young's modulus [60]. 

Alloy 

classification  

Alloy name  Density 

(g/cm
3
) 

Young's 

modulus (GPa)  

Ultimate tensile 

strength  (MPa) 

α and near-α  IMI 834 4.55 117 1035 

α + β  Ti-6Al-4V 

Ti-6242 

4.43 

4.54 

110 

120 

1035 

1010 

β Ti-15-3 3 4.76 107 1135 

 

2.6.3 β alloys 

              β titanium alloys can be further classified into three groups; stable β, 

metastable β, and beta-rich α + β alloys. A schematic phase diagram for 

isomorphous titanium alloys is shown in Figure (2.4). The stability of the 

beta phase is determined by the cumulative wt.% of β stabilizers. Alloys 

containing between 10 wt.% and 15 wt.% of β stabilizing elements, resulting 

in the beta phase being retained at room temperature in a metastable 

condition. These alloys are an attractive alternative to α+β titanium alloys 

due to their high strength, deep hardening and wide processing window. 

Another advantage of these alloys is their excellent forge ability. However 

because of the large amount of heavy elements required to stabilize the beta 

phase, beta alloys are 10% heavier than α + β alloys [67]. These alloys can 

be found in mainly airframe applications, power plants, sporting goods, 
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automotive, and orthopedic implants. 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure (2.4): Schematic section through a β isomorphous phase diagram. Ms 

is the temperature at which martensite begins to form when cooling from the 

β phase field to room temperature and Mf is the temperature at which 

reaction is complete. Adapted from [63].  

2.7 Titanium Aluminum Vanadium Ti-6Al-4V alloy 

          F 136 Ti-6Al-4V for orthopedic load-bearing implants alloying, 

addition of 6% aluminum with ɑ phase and 4% vanadium with β phase to 

cpTi, results in any alloy having good mechanical properties yield strength is 

about 880MPa (increasing the yield and tensile  strength, acceptable 

elongations ) and chemical inertness. From Figure (2.5) it is  clear that for 
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this aluminum level of about 6% the ɑ / β, transformation temperature of 

882°C for pure titanium is increased to about 1000°C for the two phase 

region ɑ + β. Since vanadium is a β -stabilizer, this means that the higher 

temperature β more readily transforms to ɑ during cooling after processing, 

and also during any subsequent heat treatment at relatively low temperatures, 

annealing at 700–750ºC [68].  

              The most popular titanium alloy, more than 50% of alloys in use today 

are of this composition. The passive film consists of TiO2 as the major 

component and Aluminum oxide (Al2O3), vanadium oxide (VO2) 

respectively on the metal surface. In return to VO2 is thermodynamically 

unstable and performs into solution body. An inert fibrous capsule formation 

around the implant to prevent damage to surrounding tissues and eliminated 

by body within 24 hours, this is presumably why implants made of Ti-6Al-

4V alloy have not shown any serious disadvantages so far [68] . In general, 

there is a problem in using Ti-6Al-4V alloy for implant applications belong 

to the large modulus mismatch between the Ti-6Al-4V alloy (~110GPa) and 

the bone (~10-50GPa), which could cause insufficient loading of the bone 

adjacent to the implant. Development of new alloy materials and 

modification of the surface of the currently used Ti alloys have been widely 

explored to overcome these problems. Either the development of Ti6Al7Nb 

and Ti5Al2.5Fe, where Nb and Fe were substituted for V in Ti-6Al-4V alloy 

as less toxic alternatives or numerous bioactive surface modifications of 

titanium alloys for biomedical applications are very important for achieving 

further developed biocompatibility [69].  
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                        Figure (2.5): Phase diagram of Ti-Al-V alloy [68]. 

 

2.8 Nature of the Physiological Environment 

       The nature of physiological environment is extremely hostile to 

all foreign materials and hence the effect of environment on metallic 

implant and the effect of implant on its host tissue are of primary 

concern. The concentrations of chloride ions in serum and interstitial 

fluid are 113 and 117 mEq/L, respectively, which are about one-third 

the concentration of brine and a seriously corrosive environment for 

metallic materials [70]. The aqueous layer at the implant site 

naturally contain numerous hydrated ionic species (Na
+
, Ca

2+
, etc.). 

The type and concentration of ions in solution are likely to change 

over a period of time as the cells surrounding the implant react and 

adapt to the presence of foreign material. Other electrolytes present 
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in the body fluid include Ca
2+

, Mg
2+

, PO4
3¯

  SO4
2
¯ and organic acid 

anions. Some complex compounds present in smaller amounts are 

phospholipids, cholesterols, natural fats, proteins, glucose and amino 

acids [71]. Dissolved oxygen, dissolved bicarbonate and some other 

constituents of body fluids (e.g., phosphates, cholesterols and 

phospholipids) are usually thought to either play no role in the 

corrosion process or exist at insignificant levels. Therefore, most in 

vitro experiments have been conducted in either saline or standard 

isotonic solutions such as Ringer’s or Hank’s, in which the presence 

of bicarbonate and calcium chloride is the main difference compared 

to saline [72]. The oral environment undergoes the significant 

changes during the day. The mastication forces, oral pH, the presence 

of different chemical compounds from the food,  drinking water, 

mouthwash products and inflammatory reactions play an important 

role on the degradation of the implants. Lactic acid is naturally 

released by bacteria in the oral cavity. This acid simulates the 

conditions which are reached during drinking acidic beverages, 

regurgitation or the presence of dentobacterial plaque. Bacteria 

present in the dental plaque generate a formation of mixture of acids 

like lactic, acetic and other metabolic acids which cause the decrease 

of pH up to 4 or lower. Such low pH of the saliva destroys the tooth 

[73, 74]. With respect to dental implants, the environment in the oral 

cavity is not well-defined. Several recipes exist for artificial saliva, 

the most popular one is that of Fusayama [75], that is, 0.400 g˖dm
–3

 

NaCl, 0.400 g˖dm
–3

 KCl, 0.795 g˖dm
–3

 CaCl2˖H2O, 0.690 g˖dm
–3

 

NaH2PO4˖H2O and 0.005 g˖dm
–3

 Na2S˖9H2O, at pH 5.5. However, 

the composition of human saliva actually varies considerably 

between individuals, especially in the sulfide content, which can 

cause tarnishing of both silver and gold-based amalgams   [72]. 
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       The biocompatibility of titanium implant is determined by the 

chemical properties of the oxide layer [76]. The titanium alloys 

spontaneously form a passive oxide layer (mainly TiO2) that, to some 

extent,  can protect these alloys against corrosion because of its 

thermodynamic stability, chemical inertia,  and low solubility in the 

body fluids [77]. The passive layer plays an important role for the 

surrounding it tissues, and the passive film cannot undergo break 

down if the implant is to be successful [78]. 

      However, severe corrosion can occur when this passive oxide 

layer is mechanically disrupted. In such situations, aggressive Cl¯ 

ions may attack the implant material surface. For instance, fretting 

wear is known to occur at the interface of modular junctions (for 

example, head-neck taper junction of hip implants) due to relative 

micro-motions. The fretting wear disrupts the passive oxide body 

[79-81]. 

2.9 Ion Release of Ti6Al4V Alloy in Human Body 

       Ti6Al4V alloy contains aluminum which is well-known to cause 

certain bone diseases and neurological disorders. Vanadium is 

considered to be an essential element in the body, but may become 

toxic at excessive levels. The toxicity of vanadium is well-known, 

and can be aggravated when an implant is fractured and subsequently 

undergoes fretting. Release of titanium ions into the tissues adjacent 

to the implants results in discolouration of the tissues.  This may also 

be detrimental to the bone attachment and further bone growth on the 

implant [82]. 

       It should be noted that the amounts of Al and V released from 

Ti-6Al-4V may be so small that the alloy is perfectly acceptable as 
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an implant material. It is generally regarded as one of the most 

biocompatible of all the available prosthetic alloys [83]. 

       Metallic elements have a different tendency to release ions, and 

even trace amounts of elements in the alloy composition should not 

be neglected. There are data on the significant contents of some 

alloying elements of Ti6Al4V within the tissue around the implanted 

alloy. So far  reports on the consequences of ion release into the body 

have focused on the importance of the possible impact of released 

ions on biomolecules and the initiation of adverse biological 

reactions as the titanium ions could quickly react with water 

molecules or inorganic anions, easily binding with body fluids [84]. 

   The toxicity of titanium alloy components, especially vanadium, 

has become an issue of concern. The release of aluminum and 

particularly vanadium ions from this alloy can generate long-term 

health problems such as peripheral neuropathy, osteomalacia and 

Alzheimers disease [84]. 

2.10 Influence of Surface Texture and Wettability on Initial 

Bacterial Adhesion on Metallic Implant 

       As soon as implant surfaces are exposed to the human oral 

cavity, they are immediately colonized by microorganisms [85]. The 

initial bacterial adhesion on implants is the first and essential step in 

the geneses of complex peri-implant biofilms, which, in turn, may 

result in peri-implantitis and loss of the supporting bone [86]. The 

type of implant material and its specific texture and physico-

chemical surface properties influence the quantity and quality of 

microbial colonization [87]. In modern biomaterial research, implant 

surfaces are mainly modified to increase osseous integration into the 

alveolar bone; recently however, implant surfaces are also modified 
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to reduce biofilm formation after exposure to the oral cavity. 

Innovative implant materials or surface modifications with reduced 

adhesion properties or even with antibacterial properties are of 

pertinent clinical interest [88]. Up to now, monolithic titanium has 

been the most frequently used base material and gold standard for the 

construction of implant systems. Titanium is known for its excellent 

biocompatibility and outstanding mechanical properties [89]. 

       Surface roughness, texture, and wettability are regarded as the 

most significant surface factors influencing microbial accumulation 

on implants. Increased surface roughness on implant surfaces 

correlates with faster and firmer integration into the surrounding 

bone. On the other hand, however, most studies indicate a positive 

correlation between surface roughness and the amount of adhering 

bacteria [90].  

       wettability is quantified by the CA, which is the angle between 

the tangent line to a liquid drop’s surface at the three phase boundary 

and the horizontal solid’s surface. In principle, the CA can range 

from 0º to 180º. Surfaces with water CAs lower than 90º are 

designated as hydrophilic, and those with CAs very close to 0º are 

superhydrophilic. Surfaces with water CAs above 90º are considered 

hydrophobic, and those with CAs above 150º are termed 

superhydrophobic. Most implant surfaces currently in clinical use are 

hydrophobic, according to findings and those of other groups 

[91,92]. However, the range of CAs found on different dental 

implant surfaces varies widely, from superhydrophobic angles 

around 150 to superhydrophilic ones of 0.  Moreover, it is commonly 

accepted that surface topography and surface roughness have a 

strong influence on the bacterial adhesion [93]. 
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2.11 Biocompatible Coating 

          The various coatings have been applied for many years in medicine to 

improve the properties of the interface between implants and tissues, which 

determine the biocompatibility and healing time. In past years, the reviews 

on such functional coatings for dental implantology [94], biocompatible 

coatings for bone implants [95], ion substituted hydroxyapatite thin films 

[96], titanium implants polymeric coatings [97], ceramic coatings for 

osteoporotic bones [98], and pulse laser deposited animal-originated calcium 

coatings can be found. The coatings for biological applications, called 

biocoatings, may be made of metals, polymers, ceramics, and bioglasses, or 

can be composite coatings, co-deposited, or formed layer-by-layer (hybrid or 

sandwich coatings). They may be formed by various techniques such as 

direct electrocathodic deposition (ECD), pulse electrocathodic deposition 

(PED), electrophoretic deposition (EPD) [97], plasma electrochemical 

oxidation (PEO) called also micro-arc oxidation (MAO) in calcium[99], and 

phosphorus-containing phosphate solutions, chemical vapor deposition 

(CVD), plasma vapor deposition (PVD), magnetron sputtering, pulsed laser 

deposition, and many others. They may coat the solid or porous substrates. 

Comparing all the existent coatings, the bioceramic coatings appear to be the 

best choice for metallic implants. The advantages of various types of 

bioceramic coatings besides their applications are shown in Table (2-3) [99]. 

          The research on the biocompatibility improvement by both bioactive 

and bioinert functionalization coatings deposited on metallic implant 

surfaces has become one of the hottest topics in biomaterials. The new trend 

in medical application is to use the implants with antibacterial properties 

along with good mechanical and physical-chemical properties and high bond 

bonding [100]. 
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Table (2-3): Bioceramic coatings with different coating materials used for 

medical applications in the human body [99]. 

Coating material  Medical applications Advantages 

Nitrides (TiN, ZrN, NbN, TiAlN) 

Oxynitrides (TiON, ZrON, TiSiON 

Dental implants 

Fracture fixation devices 

Metal components of joint 

end prostheses 

High corrosion 

resistance 

High adhesion on the 

metallic surfaces 

Good friction 

Coefficient 

Carbon-based coatings (DLC, CN, 

a-C, carbides, carbonitrides) 

Artificial heart valves 

Orthopedic fixation 

devices 

Artificial ligaments and 

Tendons 

Low friction coefficient 

and wear rate 

High biocompatibility 

with blood 

Calcium phosphates, bioglass Percutaneous devices 

Spinal implants 

Maxillofacial 

reconstruction 

Skull plates 

High osseointegration 

Capability 

Oxides (TiO2, Al2O3, ZrO2) Dental implants 

Devices for increasing 

alveolar area 

Maxillofacial 

reconstruction 

Ophthalmic implants 

High corrosion 

resistance 

Good regenerative 

Capability 

 

2.12 Electrophoretic Deposition Technique 

          Electrophoretic Deposition (EPD), a traditional processing method in 

the ceramic industry, is gaining an increase interest both in academia and in 

the industrial  sector for production of new materials .Consequently, a  wide 

range of novel applications of EPD in the processing of advanced monolithic 

materials, composites and coatings is emerging. The interest in the EPD 
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technique is based not only on its high versatility to be used with different 

materials and combinations of materials, but also its a cost- effective method 

usually requiring simple equipment. With EPD particulate deposits can be 

made in seconds on suitable surfaces of planar or more complex geometry. 

Moreover EPD has a high potential for scaling up to large product volumes  

and sizes, as well as to a variety of product shapes and 3D complex 

structures. As well as, some advantages like being faster, less expensive, 

more uniform deposited coatings on complex substrate shapes, high purity of 

deposits and no phase  transformation during coating process would be 

related to EPD process [101]. 

          EPD consists of two different steps. In the first step (named 

electrophoresis) charged particles in suspension move towards an oppositely 

charged substrate under the influence of an applied electric field. In the 

second one (the deposition itself) the particles coagulate to create a coherent 

and homogeneous coating on the surface of the conductive substrate. Once 

the liquid solvents are evaporated, the coating is dried, different steps, e.g. 

sintering, can be applied to consolidate the coating. This march is required 

mainly for ceramic coatings, but can be avoided for organic/inorganic 

coatings where the organic phase acts as binder. EPD is achieved via the 

motion of charged particles dispersed in a suitable liquid towards an 

electrode under an applied electric field. Deposit formation on the electrode  

occurs via particle coagulation. Electrophoretic motion of charged particles 

during EPD results in the accumulation of particles and formation of a 

homogeneous and rigid deposit at the relevant electrodes [102]. 
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Figure (2.6): Schematic diagrams of electrophoretic deposition (EPD) on 

metal substrates (working electrodes) [103]. 

           

        An EPD setup contains a power source, two electrodes (anode and 

cathode) and a EPD cell carrying the suspension with homogeneously 

dispersed particles or macromolecules. According to the direction of 

deposits, the EPD can be separated into anodic EPD, and cathodic EPD, as 

schematically shown in Figure (2.6). Particles having a positive surface 

charge will be deposited on the cathode and negative charged particles be 

deposited on the anode under the electric field. The current supplied to 

electrodes can either be direct current (DC) or alternating current (AC).      

The nature of the suspension and processing parameters affecting 

electrophoretic deposition then reviewed. Suspension parameters such as the 

particle size, dielectric constant, conductivity and zeta potential determine 

the quality of the suspension, while physical parameters such as the voltage, 

deposition time and conductivity of the substrate determine the success of 

the EPD deposition. Lower surface charged particles tend to attract each 

other and the deposited coating is found to be porous, and particles with a 
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high surface charge produce a strong electrostatic repulsion force at the time 

of deposition, thereby producing a dense coating. Hence, a uniform particle 

suspension with a proper conductivity and medium dielectric constant results 

in better deposition [103]. 

2.12.1 Kinetics of EPD 

          One of the first approaches to understand the kinetics of EPD was 

made by Hamaker in 1940 [104]. He established (Eq. 2.1) that the deposition 

yield (w) [g] is function of the concentration of solids in suspension (Cs) 

[g/m³], the electrophoretic mobility (µ) [m²/(V.s)], deposition surface (A) 

[m²], electric field (E) [V/m] and deposition time (t) [s] [104]. 

 𝒘 = 𝑪𝒔 .  µ .  𝑨 .  𝑬 .  𝒕        … … … … … … … . (2.1) 

          When different materials are present in suspension, the deposition rate 

is function of the volumetric fraction of those materials. At high volume 

fraction the solids deposit at equal rate, and at low volume fractions each 

material present an own deposition rate function of the particle mobility. 

Hamaker’s equation does not consider the decrease of concentration in 

suspension as function of the time and therefore can be used only for short 

deposition times (like for the systems presented in this thesis). 

         Other attempt to describe the EPD kinetic was done by Avgustnik et al. 

[105], in this case the deposition for a cylindrical substrate was considered. 

Later Biesheuvel and Verweij [106] introduced a correction factor 

considering the concentration decrease in suspension (Eq. 2.2). In this 

approach l is the cylinder longitude, a and b are the radius of the deposition 

and counter electrode, respectively, øs and ød are the volumetric 

concentration of particles in suspension and deposit, respectively, Cd is the 

mass concentration of particles in the deposit [106]. 
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𝑾 =  
𝟐𝝅. 𝝁. 𝒍. 𝑬. 𝑪𝒅

𝐥𝐧(𝒂 𝒃⁄ )
 ∙  

∅𝒔

∅𝒅 − ∅𝒔
 ∙ 𝒕            … … … … … . (𝟐. 𝟐) 

 

          Sarkar and Nicholson [107] introduced an efficiency correction factor 

(f ≤ 1) to Hamaker’s equation based in the fact that not all the materials that 

reach the deposition electrode forms part of the final coating. They also 

considered the change of concentration in suspension and also if the 

deposition is conducted in potential or current constant conditions, see 

Figure (2.7). Just for I in this figure the deposition rate remains constant 

while for the rest of the systems (II to IV) an asymptotic behavior appears. It 

is clear that when the particle concentration in suspension decreases the 

deposited amount of particles is less (II and IV) than for constant 

concentration conditions. At constant concentration and potential conditions 

(III) the deposited film form an isolation layer decreasing the electrical 

driving force or voltage per length unit. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (2.7): EPD scheme of deposited weight against deposition time 

[107]. 
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2.12.2 Suspension of Particles 

          Key parameter of the electrophoretic deposition process is the slurry or 

suspension, it must be well stabilized, homogeneous and without 

agglomerated particles [108]. In presence of polar solvents, e.g. water, most 

substances present a surface electric charge. The development of charge on a 

solid particle surfaces can occur by different reasons:  

(i) dissociation or ionization of surface groups (this factor depends on the 

suspension pH),  

(ii) reabsorption of potential-determining ions,  

(iii) specific ions absorption on the particles surface (surfactants),  

(iv) isomorphous replacement/lattice substitution and  

(v) charged crystal surface fracturing [107] . 

          The particles are suspended in the fluid media via the interaction of 

three different forces:  

(A) the van der Waals attractive force,  

(B) electrostatic repulsive force, and  

(C) steric (polymeric) force (this last one is not always present).  

          To have a stable suspension the electrostatic repulsive and/or the steric 

forces must be dominant against the van der Waals force that tries to 

agglomerates the particles due to the electrostatic force, same charge 

particles repel themselves keeping them in suspension, on the other hand 

they attract opposite and same charged ions that form a diffuse double layer 

increasing suspend ability and stability. 

2.12.3 Double Layer and ζ-potential 

          Due to the particle surface charge a layer of opposite charged ions 

(counter-ions) forms around the particle, while the similar charged ions (co-

ions) in the medium are repelled away from the particle. It suppose that 

under an electric field the particles and counter ions should move on 
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different directions (electrodes), but the particle/counter-ions attraction force 

is strong enough to keep them together, this is called the "stern layer" An 

extern second layer is formed by the co-ions and counter-ions, this is 

denominated the "diffuse layer" Figure ( 2.8) [109]. 

 

 

 

 

 

 

 

 

 

 

 

Figure (2.8): Electric Double Layer Structure [109]. 

 

2.12.4 Deposition 

     Electrophoresis of particles in a liquid medium near an electrode is 

transformed into deposition as a result of several physicochemical processes. 

The following deposition mechanisms have been established. flocculation of 

particles, electrochemical coagulation, neutralization of the particle charge at 

the electrode and distortion of particle EDLs under the action of external 

electric field [109].  
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2.12.5 Parameters 

           The thickness and microstructure of the deposited coatings can be 

tailored by varying the EPD parameters (physical parameters) and the 

composition of  EPD suspensions.  

2.12.5.1 Suspension Parameters 

          The suspension parameters include several aspects such as the 

physicochemical nature of both suspended particle and the liquid medium, 

surface properties of the powder, and the influence of type and concentration 

of solid in suspension. 

A) Particle Size 

          Although there is no general rule of thumb to specify particle sizes 

suitable for electrophoretic deposition, good deposition for a variety of 

ceramic and clay systems have been reported to occur in the range of 1–20 

µm. But this does not necessarily mean that deposition of particles outside 

this size range is not feasible. Recently, with increasing thrust on 

nanostructured materials, the EPD technique is being viewed with more 

interest for assembly of nanoparticles as well. It is important that the 

particles remain completely dispersed and stable for homogeneous and 

smooth deposition. For larger particles, the main problem is that they tend to 

settle due to gravity. Ideally, the mobility of particles due to electrophoresis 

must be higher than that due to gravity [110]. 

B) Dielectric constant, conductivity, and suspension viscosity           

          It has been stated that the liquids dielectric constant should be in the 

range (12–25) for the deposition occurrence. For liquids having dielectric 

constants lower (12), the dissociative power lack stops the deposition, 

whereas for liquids with dielectric constants more than (25), the 

electrophoresis is stopped by the decrease in the zone size of the double 
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layer, resulted by the high concentration of ions. The impurities are also able 

to vary the suspension conductivity. Furthermore, the procedure utilized for 

preparing the suspension also influences the conductivity vigorously. A 

greatly resistive suspension causes imbalance, since the electronically 

initiated charge composes in the particles. From the other side, the 

conductivity can be increased by a suitable modification of dispersant 

concentration and temperature. In general, a perfect suspension operation 

possesses a large dielectric constant, low conductivity, and low viscosity.  

      Organics liquids eliminates the electrodes reaction and gas 

evaluation so it is preferred that these reactions are occurred over the 

water due to electrolysis of water on application of the electric field. 

Another advantages are concerned with the organic solvent is that it 

is chemically stable and low conductivity due to low dielectric 

constant. The viscosity and relative dielectric constant of a few 

famous solvents, arranged from the best to worst are listed in Table 

(2.4) [111]. 

Table (2.4): The physical properties of popular solvents [111]. 

Solvents  Viscosity (cP) = 10
-3

(N.s.m
-2

) Relative Dielectric Constant 

Methanol 0.5500 32.63 

Ethanol 1.0885 24.55 

Water 0.8900 78.20 

Acetone 0.3087 20.70 

Acetyl acetone 1.0900 25.70 

n-propanol 1.9365 20.33 

Iso-propanol 2.0439 19.92 

n-Butanol 2.5875 17.51 

Toluene 0.5900 2.38 
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C) Zeta Potential 

         The zeta potential of particles in suspension is a key factor in the 

electrophoretic deposition process. It plays an important role in:  

i. Stabilization of the suspension by determining the intensity of 

repulsive interaction between particles,  

ii. Determining the direction and migration velocity of particle during 

EPD. 

iii.  Determining the green density of the deposit.  

          The overall stability of a system depends on the interaction between 

individual particles in the suspension. A high electrostatic repulsion due to 

high particle charge is required to avoid particle agglomeration. When the 

particle charge is low, the particles would coagulate even for relative large 

inter-particle distances, leading to porous, sponge-like deposits. On the 

contrary, if the particles have a high surface charge during deposition they 

will repulse each other, occupying positions which will lead to a high 

particle packing density. The necessary condition that enables successful 

EPD is a stable suspension/sol, where the particles have a high zeta potential 

while the ionic conductivity of the suspension is kept at a low value [111]. 

D) Stability of Suspension 

          Electrophoresis is the phenomenon of motion of particles in a colloidal 

solution or suspension in an electric field, and generally occurs when the 

distance over which the double layer charge falls to zero is large compared to 

the particle size. In this condition, the particles will move relative to the 

liquid phase when the electric field is applied. Colloidal particles which are 1 

lm or less in diameter, tend to remain in suspension for long periods due to 

Brownian motion. Particles larger than 1 µm require continuous 

hydrodynamic agitation to remain in suspension. The suspension stability is 

characterized by settling rate and tendency to undergo or avoid flocculation. 
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Stable suspensions show no tendency to flocculate, settle slowly and form 

dense and strongly adhering deposits at the bottom of the container. 

Flocculating suspensions settle rapidly and form low density, weakly 

adhering deposits. If the suspension is too stable, the repulsive forces 

between the particles will not be overcome by the electric field, and 

deposition will not occur. According to some models for electrophoretic 

deposition the suspension should be unstable in the vicinity of the electrodes 

[107]. 

E) PH Effect 

          In general, the pH value is a measurement of the ionic concentration of 

H
+
 and OH

−
 ions. A low pH (<7) indicates a high concentration of H

+
 

compared with OH
−
 ions. The pH condition of a suspension is strongly 

related to the colloidal material and type of suspension medium used [112]. 

F) Concentration of Solid in Suspension 

          The volume fraction of solid in the suspension plays an important role, 

particularly for multi-component EPD. In some cases, although each of the 

particle species have same sign of surface charge, they could deposit at 

different rates depending on the volume fraction of solids in the suspension. 

If the volume fraction of solids is high, the powders deposit at an equal rate. 

If however, the volume fraction of solids is low, the particles can deposit at 

rates proportional to their individual electrophoretic mobility [113]. 

2.12.5.2 Physical Parameters 

A) Electrical Field  

          The deposit yield is related directly to the applied electric field 

strength and increases with an increase in applied potential. Although 

powders can be deposited more  quickly if greater applied fields are used, the 

quality of the deposit can suffer. For a higher applied field, which may cause 

turbulence in the suspension, the coating could be disturbed by the flows in 
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the surrounding medium, even during its deposition. In addition, particles 

can move so fast that they cannot find enough time to sit in their best 

positions to form a close-packed structure. Finally, high field situations 

restricts the lateral motion of particles on the surface of the already deposited 

layer, because higher applied potential exerts more pressure on particle flux 

and movement affecting the deposition rate and structure of the deposit 

[114]. 

B) Influence of Deposition Time 

         In a typical constant voltage EPD process, many researchers observed 

high deposition rates during the initial period of deposition, which then 

decreased and attained plateau at very high deposition times [115, 116]. In a 

constant voltage EPD, this is expected because while the potential difference 

between the electrodes is maintained constant, the electric field influencing 

electrophoresis decreases with increasing deposition time because of the 

formation of an insulating layer of deposited particles on the electrode 

surface. But during the initial period of EPD, there is generally a linear 

relationship between deposition mass and time [117]. 

 C) The Conductivity of Substrate 

          In electrophoretic deposition, the deposited film quality is vigorously 

relied on the substrate conductivity. Low substrate conductivity makes the 

deposition slow and the deposit inhomogeneous. A combustible substrate 

that can be eliminated by extra heating in the sintering operation is utilized 

to fabricate intricate forms. But for the coatings, the worker requires to be 

too careful regarding the possibility of cracks formation due to drying and 

sintering. Such thermally formed cracks are the method impartible nature 

and the final surface quality relies on overcoming such problem [111]. 

2.13 Role of Binders In EPD 
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         Organic binders are a necessary component for the effective processing 

of many commercial high performance ceramics. There are numerous 

organic substances that have been utilized, or groups, as potentially useful 

binders for ceramics. 

           Polyethyleneimine (PEI) is a cationic dispersant widely used in 

different sizes and structures. The Zeta potential gives information on the 

charge of the particles which can result of the adsorption of a polymer at the 

particle surface, or from a reaction between the surface of the particles and 

the solvent. This parameter can also give information on the interaction 

between particles [118]. The ionization pH range of low MW branched PEI 

is between pH=2-10 [119]. 

2.14 Previous Studies on Biomedical Coating 

          Ceramic has a vital role to better biocompatible characteristics of the 

implant. It can be divided into two main sorts, oxides ceramic (such as TiO2, 

ZrO2, Al2O3 ,MgO ..etc.) and non-oxide ceramics (like HAp, SiC, Si3N4,  

ZnS.. etc.). 

          (Khalili et al., 2013) [120] developed a bioactive and corrosion 

resistant by converting the bio inert surface of NiTi to bioactive and 

biocompatible surface by depositing TiO2 particles on the NiTi surface using 

electrophoretic deposition process. TiO2 particles were prepared using a 

mixture of acetone and n-butanol (0%, 30%, 60%, 80% and 100% acetone) 

without using any dispersant. Surface morphology of coatings showed 

deposition within 0% acetone causing a crack-free and dense coating with 

relatively coarse grains and high corrosion resistance. 

          (Rajan, 2012) [121] studied the improved properties of HAp of 

sintered (900˚ for 2h) and non-sintered hydroxyapatite layer coated on 

Ti6Al4V alloy by using electrophoretic deposition carried out at a constant 
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voltage of 30V for 5, 10 and 15 minute duration at different pH values of 

1.5, 2.5 and 3.5 respectively. SEM images show that at constant voltage of 

30V and low pH of 1.5, coated surface shows no cracks. XRD analysis 

showed that "before sintering, few other compounds were present in HAp 

powder while after sintering they were not oxidized. The more coating 

layers, leads to a wide different atomic intermixed between the substrate and 

the top-bio coating which improves the adhesion strength. 

          (Michal et al., 2017) [122] they studied  elaborate the technology of 

electrophoretic deposition (EPD) of Nano hydroxyapatite (nano HAp) 

coatings decorated with silver nanoparticles (nano Ag) and to investigate the 

mechanical and chemical properties of these coatings as determined by EPD 

voltage and the presence of nano Ag. They tested deposition of nano HAp at 

two voltage values, 15 and 30 V, decoration of nano HAp coatings with nano 

Ag was carried out using the EPD process at a voltage value of 60 V and a 

deposition time of 5 min. Their experiments showed that the hardness of the 

undecorated nano HAp coatings obtained at 15 and 30 V of EPD voltage 

attained 0.2245 ± 0.036 and 0.0661 ± 0.008 GPa, respectively. They found 

the resistance to nano scratching was higher for thicker coatings. Also, they 

concluded the wettability angle was lower for coatings decorated with nano 

Ag. 

          (Kumar and Wang, 2001)[123] studied the functionally graded 

bioactive coatings of hydroxyapatite/titanium oxide composite system. 

Composite coatings were made on Ti-6Al-4V metal substrate. A functionally 

graded coating was obtained by coating titanium oxide (TiO2) powders of 

known particle size as the first layer, which was sintered at 900 ºC for a few 

minutes. Coating of subsequent layers of HAp-TiO2 composites of different 

weight ratios (75% TiO2 and 25% HAp, 50% TiO2 and 50% HAp, 25% TiO2 

and 75% HAp, and 100% HAp) were performed in sequence and these 

layers were sintered again at 900 ºC for a few minutes, so as to ensure a good 
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adhesion between layers. The coatings were subsequently subjected to 

various characterization such as X-ray diffraction (XRD), scanning electron 

microscopy (SEM), energy dispersive X-ray (EDX), Their experiment 

showed that the  XRD confirms the presence of the corresponding 

components in HAp composites. SEM micrographs showed the surface 

morphology of the functionally graded layers, and the presence of elements 

was also identified by EDX analysis which confirmed the versatility of the 

coating technique performed at low temperature. They found that the nano-

indentation HAp-TiO2-Ti functionally graded coating yielded 15.1 and 0.405 

GPa as the hardness and modulus values, respectively. 

          (Mohan et al., 2012)[124], studied the corrosion and scratch behavior 

of TiO2 + 50%HAp nano ceramic coated on Ti–13Nb–13Zr orthopedic 

implant alloy using (EPD) sintering at 850 ᵒC. The corrosion behavior of the 

coatings was evaluated using SBF-Hank’s solution. The sintered coating 

exhibited higher density, adhesion and lower porosity compared to 

unsintered samples, and higher corrosion resistance compared to the 

substrate. 

          (Sorkhi et al, 2019) [125] conducted test for  Electrophoretic 

Deposition of Hydroxyapatite-Chitosan-Titania on Stainless Steel 316 L 

using  from alcoholic (methanol and ethanol) suspensions containing 0.5 g/L 

chitosan and 2 and 5 g/L HAp and 2 and 5 g/L Titania. They tested the effect 

of different parameters on the deposition rate, morphology, and corrosion 

resistance of the coatings in simulated body fluid (SBF) at 37ºC. The 

coatings’ properties were investigated using Fourier-transform infrared 

spectroscopy (FTIR) and scanning electron microscope (SEM). Their 

experiments showed that the  deposition rate in ethanolic suspensions is 

lower than methanolic ones. Moreover, the coating surface was smoother 

when the ethanol was used as a solvent in suspensions in comparison to the 

ones where methanol was the solvent. The test results confirmed that, the 
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coating deposited from a suspension containing 0.5 g/L chitosan, 2 g/L HAp, 

and 5 g/L titania with ethanol as solvent had the highest corrosion resistance 

in SBF at 37 ºC. 

2.15 Concluding Remarks 

There are indeed no researches were demonstrated in the field of 

biotic titanium alloy Ti-6Al-4V and functionally gradient coating of micro 

HA/TiO2 bio-ceramic fabricated by EPD and used as a biocoatings materials 

for metallic implants. There have been a limited number of studies 

conducted in studying the antibacterial characteristics of fabricated parts. 

Therefore, this investigation provides a vulnerable information and better 

understanding of the Ti-6Al-4V alloy coated by functionally graded material 

multilayer HA-TiO2 coatings.  
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Experimental Work 

3.1 Introduction 

 
n this chapter, the details of the experimental program are presented. It 

elaborates the research methodology adopted in achieving the objectives 

mentioned in chapter one. the details of the materials used, EPD processed as 

well as commonly used characterization techniques developed to the 

electrophoretically deposited coating throughout this study. 

       This research's experimental program consists of two parts. In the first 

part, the selection, coating materials preparation and assessment of the 

physical and chemical properties were used in this research. Subsequently, this 

part also conducts trail mixes to optimize the mixing weight proportions and 

to select the optimal conditions for EPD process  and dosage of mineral and 

chemical additives. Then, the chosen materials were blended with the 

optimum mixing ratio taken. Finally, the second part, samples were examined. 

The block diagram shown in Figure (3.1) clarifies the main activities of this 

work. 
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Samples grinding and polishing 180-3000

Tests before coating 

Samples

*Electro chemical 

tests

*NaCl 0.9

*Hanks solution

*Artificial saliva 
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*Micro hardness
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*Surface roughness

*Ion release

Washing samples ultrasonically using acetone 

Adjust the optimum conditions of EPD by trial and error 

HA and functionally graded , 2TiODesign the coated samples of 

Drying by air for 24 h 

Sintering of sample at (800-900-950-1000-1200) C° for different times 

Test of coated samples 

Micro structure 

Surface roughness

Micro hardness

SEM, XRD, EDS

Electro chemical test 

(corrosion resistance)

Anti bacteria test

Results and discussion  

Conclusions 

Powders particle size 

)2TiO, HA(

Metal ion release

 

Figure (3.1): Block diagram of the research plan. 

3.2 Particle Size Analyzer 

          Particle size analyzer type (Better size 2000 particle size analyzer), was 

used to determine the particle size of TiO2 and HAp powder. Two grams of 

each powder were added to distilled water medium, the particles of powders 

were  suspended in this medium. Then, they were placed in the measuring cell, 

which separates the particles according to the particle size. The test was 

Samples 
Electrochemical  
NaCl0.9 
Hanks solution 
Artificial saliva 
L.M 
Micro hardness  
Surface roughness 
Ion release 
 

 

 

Wettability 
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conducted at University of Babylon, College of Materials Engineering, 

Metallurgical Engineering Department laboratories. 

 

3.3   Materials 

       Ti-6Al-4V titanium alloy rod with (20mm diameter × 10mm thickness), 

was used as the cathode in the present study. 316L with (2.5mm diameter × 

10mm thickness) was the anode. Coating materials high purity (>99%) 

hydroxyapatite powder and titanium dioxide (anatase TiO2) powder, with 

particle size respectively were used for suspension preparation in absolute 

ethanol 100% purity, distilled water and dilute ethanol 70% as medium of 

EPD process. Different types of binders were used such as; Polyethylene 

amine (PEI) polyethylene glycol (PEG) and polyvinylalcohol (PVA). 

Therefore, after many trials of mixing, PEI was kept as a binder material 

because, it gives better adhesion. Figure (3.2) depicts the materials used in 

this investigation. 

 

 

 

 

 

 

 

 

 

 

Figure (3.2): Geometrical configuration of research samples (dimensions and 

weight). 

 

Thickness=10mm Diameter=20mm 

Weight of sample 
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3.4 Method 

          Ti-6Al-4V substrate as cathode, and commercially available 316L 

stainless steel as the counter electrode, were immersed in the suspension with 

a fixed distance of (15 mm). Prior to deposition, Ti-6Al-4V substrates were 

ground by 180 to 3000 grit SiC papers, then the specimens were polished 

using polish cloth and diamond paste 0.5μm, and then washed with distilled 

water and finally ultrasonic with acetone to remove oxide layer, and finally 

passivated by immersion  in 20% HNO3 and HF for 10 min, dried and kept in 

a dissector over a silica gel pad and used for microstructure evolution and 

electrochemical investigation. In order for the process to be more accurate, a 

holder was manufactured to hold the samples and keep the distance between 

the electrodes constant during the coating process and to facilitate the lifting 

of samples when changing the suspension, as shown in the Figure (3.3). 

          EPD process was performed in a glass beaker, magnetic stirring was 

employed to maintain the homogeneous dispersion of the particles during the 

whole EPD process. The system was equipped with a DC power supply to 

give potential ranging from zero to 60 volt. The voltage can be adjusted as 

required to achieve the best deposition. In order to determine the optimal 

electrophoretic parameters deposition to be performed at different voltages 

such as ( 10, 20, 30, 40, 60) V and different deposition times (1, 2, 3, 4, 5, 6, 

30, 60) min from suspension containing (50 g/L)% TiO2 and 6g/L PEI. The pH  

of suspension was measured by a pH meter (model PH-100 meter). After that, 

the coated samples were removed carefully from the EPD cell and dried  in air 

at room temperature for 24 hrs, and then sintered in a argon furnace with at 

950
o
C for 1 hr. The garmenting processes of compsite coating samples as 

shown in Figure (3.3). 
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Figure (3.3): Garmenting processes of composite coating samples. 

 

       After preparing the suspensions by adding different weight ratios of 

powder and the binder to pure ethanol and determining the optimum 

conditions ,voltage and time deposition were ( 20V, 1min). Gradient coating 

was done in five consecutive steps. Each step lasted 12 seconds for each layer. 

Total time was 1 min.  The graduated coating was carried out from solution 

No. (1, 2, 3, 4 and 5) consecutively as shown in Table (3-1), the first step 

TiO2 inner layer was deposited on the Ti-6Al-4V substrate from the 

suspension No.1 after that three intermediate layers, TiO2\HAp composite 

layers were applied from their relative stable suspensions (No. 2, 3 and 4) 

respectively and finally the top coating of HAp was deposited on the four 

previous layers from suspension No.5,  the amount of HAp change gradually 

from 0 % wt near the substrate to 100 % wt on top coating. The monolayer 

Holder 
Sample after coated 

Distance=15mm between  

electrodes 

Cathodic and Anodic 
electrodes 

Magnetic Stirrer  

DC Power 
 Supply 
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coating was carried out once from solution No. 6 (100% TiO2) and another 

from solution No. 7 (100% HAp) as shown in Table (3-1), for the purpose of 

making a comparison in the properties after a procedure sintering and then 

examined. The adopted method in this research, is presented in Figure (3.4), 

based on previous researches [97, 108] and trail mixes to produce satisfactory 

coating. 

    The pH of the solution was reduced before coating with the addition of 

HCL acid, where no coating was obtained at a lower pH value (pH = 3.97, 

4.23, 2.16), while a uniform layer was obtained at a high PH value of 

approximately (PH =12), in contrast to what was done in the  previous  

researches [111, 113]. 

 

Table (3-1 ): Chemical composition of prepared specimens. 

Suspension 

No. 

Coating 

Type 

Layers TiO2 

(g) 

HAp 

(g) 

Absolute 

Ethanol (ml) 

PEI 

(g/L) 

No.1  

 

Composite 

Coatings 

1
st
 10 0  

 

 

200 

 

 

 

6 

No.2   2
nd

 7 3 

No.3 3
rd

 5 5 

No.4 4
th
 3 7 

No.5 5
th
 0 10 

No.6  

Monolayer coating 
10 - 

No.7 - 10 
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Figure (3.4): Sample coated time process.  

 

3.5 Sintering of Deposited Coatings  

        After deposition, the green coatings were dried in air for 24hr at room 

temperature. Several attempts in this work for sintering of the coatings were 

carried out in an argon-purged atmosphere at (800, 900, 950 and 1200 ºC). 

These attempts were failed by cracking of the samples except 950 ºC was 

successful. The heating rate and cooling rate were the same (10 ºC min
−1

) and 

the dwell time was 1hr. After performing heat treatments under different 

conditions, certain variables were fixed. At first the samples were heated 

inside the furnace to 400 °C and kept at this temperature for one hour to get 

rid of the binder, and then heating to 950 °C for one hour as well. The 

following sintering schedule, Figure (3.5), was successfully produced cracks 

free samples. All samples were sintered in furnace type OTF-1200X at the 

Kufa University / College of Engineering  as shown in Figure (3.6). 

TiO2 100%  

(70% TiO2 + 30% HAP)    

(50% TiO2 + 50% HAP)    

(30% TiO2 + 70% HAP)    

End of sample coating Total coating 

60 Sec 

12 Sec 

12 Sec 

12 Sec 

12 Sec 

12 Sec (100% HAP) 
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Figure (3.5): The adopted sintering schedule. 

 

 

 

 

 

 

 

 

 

 

Figure (3.6): Sintering furnace uses in this study. 

3.6  Characterizations of Samples 

3.6.1  Surface Roughness 
        In this work, the surface roughness was measured before and 

after coating. It was measured by surface roughness tester (TR200, 

SaluTron, made in Germany) available at the University of Babylon-

Materials Engineering College. 

3.6.2 Contact Angle Measurement 

         The hydrophobicity or wet-ability of the coated Ti6Al4V alloy 

and uncoated samples were measured using the static contact angel (θ) 
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of droplet on solid surface, which is an important index to 

quantitatively evaluate the wettability of solid surface ,the optical 

contact angle equipment type CAM 11O-O4W which was attached 

with CCD camera was used to measure contact angle, and the contact 

angle measurement was taken immediately after the droplet was 

placed on the solid surface by a 1 µL pipettor. In individual contact 

angle measurements between each test liquid and each solid surface, 

each contact angle was measured 5 times and 10 measurement points 

were selected. 

3.6.3 Micro Hardness 

         Micro hardness Vickers tester type (Digital Micro Vickers Hardness 

Tester model TH-714). The utilized loads were (25, 100) g, holding time was 

(10) sec, and a standard 136° Vickers diamond pyramid indenter combined 

with optical microscopy was used to measure the diagonal length of Vickers 

impression as shown in previous Figure. Three readings were reordered for 

each sample, and the average was calculated. The Vickers micro hardness 

(HV) in (kg/mm
2
) is specified as follows [115]. 

𝐻𝑉 = 1.854 ×
𝑃

𝑑2
      … … … … … . (3 − 1) 

Where: 

P= applied load kg,        and                      d= average length of diagonal mm
2
 

 

3.6.4 Electrochemical Test   

A potentiodynamic polarization and open secret potential test was 

carried out in a potentiostat (EG&G 263 A) according to the ASTM G44–99 

standard [112] to evaluate the corrosion resistance of a control (uncoated) and 

coated specimens the samples were immersed into the simulated body fluid 

(0.9 sodium chloride, artificial saliva and Ringer solution) electrolytes as 

shown in Figure (3.7). A saturated silver/silver chloride electrode was used as 
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the reference, with a platinum counter electrode; specimens were inserted as 

the working electrode. The test was started by using 0.2 mV/s as the scanning 

rate from ±250 mV upper and bottom the (OCP) and continued up to ±250 

mV above the (OCP), the test time was 14 min. This test was done in 

Corrosion Laboratory in the Laboratories of the Department of Metallurgical 

Engineering - University of Babylon. The chemical composition of NaCl 0.9, 

artificial Saliva and Ringer solution is illustrated in Table (3.2). The pH of 

artificial saliva, NaCl 0.9 and Ringer solution were 6.4, 5.0 and 7.0 

respectively. The electrochemical Test was conducted at temperature 37±2°C 

on the all specimens. 

         For the purpose of testing the corrosion resistance of the coated 

and uncoated samples and obtaining more accurate results, a holder 

was manufactured to match the dimensions of the sample so that the 

sample parts being isolated except for one face as shown in the Figure 

(3.7). These values were calculated by using the following formula: 

𝐶𝑅 = 𝐾
𝑖𝑐𝑜𝑟

𝜌
 𝐸𝑊                   … … … . (4 − 1) 

 𝑖𝑐𝑜𝑟 =
0.026

𝑅𝑝
                               … … … . (4 − 2) 

 

Where: 

 CR- corrosion rate in mm.yr
–1

, K = 3.27×10
–3

 mm.g.μA
–1

.cm
–1

.yr
–1

, icor- 

corrosion current density in μA.cm
–2

, ρ- density in g.cm
–3

, and EW- equivalent 

weight. 
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Table (3.2): Simulated body fluids used in electrochemical corrosion test. 

PH Concentration 

(g/L) 

Components Simulated 

body fluid 

 

 

 

6.4 

 

0.4 

0.4 

0.906 

0.69 

 

0.005 

1.0 

Potassium chloride (KCl) 

Sodium chloride (NaCl) 

Calcium chloride dehydrate (CaCl2.2H2O) 

Monosodium phosphate dehydrate 

(NaH2PO4.2H2O) 

Sodium Sulfide nonahydrate (Na2S.9H2O) 

Urea 

 

 

 

Artificial saliva 

 

5 

8.6 

0.3 

0.33 

Sodium chloride (NaCl) 

Potassium chloride (KCl) 

Calcium chloride dehydrate (CaCl2.2H2O) 

Ringer's 

solution 

7 9 Sodium chloride (NaCl) NaCl 0.9 % 

 

 

 

 

 

 

 

 

 

 

 

Figure (3.7): The electrochemical corrosion cell. 

 

3.6.5 Antimicrobial Test  

      The surface of biomaterial was exposed to the risk of initial 

microbial colonization and bacterial attack. The antibacterial activity 

of the HAp alone and HAp/TiO2 micrograded suspensions was 

Holder 
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investigated to evaluate whether the coated layer is antibacterial or 

not. The antibacterial activity was studied by using the inhibition zone 

method. An antibacterial kinetic test with bacterial strains of E.coli 

HB101, (E.coli, American type culture ATCC 25922, gram negative 

bacteria) was prepared at the University of Babylon-College of 

Medicine-Department of Microbiology. The E.coli could spread 

hematogenously from a urinary tract infection and reach to the bone 

and cause osteomyelitis in an adult [119, 126]. For the bacteria 

preparation, the E.coli grown on a nutrient agar (N. agar) and placed 

in the incubator for 24 h at 37 
o
C. Then the bacteria spread on a petri 

dish where the suspensions were placed in four different regions on it 

and incubated. After that the inhibition zones were observed.  

3.6.6 Light Optical Microscope (LOM) 

         The microscopic structure was studied using optical microscopy in order 

to identify the existing phases and to see the shape and size of the grains, after 

grinding, polishing and etching. This test was done at specimens preparation 

laboratory, the microscope is type (BEL PHOTONICS) as shown in Figure 

(3.8), Located in the Laboratory of thermal transactions in the Laboratories of 

the Department of Metallurgical - University of  Babylon. 

         In the present work the materials used were (10 ml HF,25 ml HNO3, 20 

ml Water) for etching the surface of Ti6Al4V for optical observation  with 

time of exposure of 5 second.  
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Figure (3.8): Light optical microscope. 

3.6.7  Metals Ions Release (Static Immersion Tests) 

The investigated of the release metals of both uncoated and coated 

specimens with (TiO2/HA) in vitro by immersing in artificial Saliva and 

Ranger's solutions are illustrated in Appendix (A). The test of static 

immersions is recognized in agreement with the currently specified JIS T- 

0304 standards for metallic biomaterial [118]. Specimens were immersed in 

plastic containers with 50 mL of each solution for 21 days in the incubator 

(Specimens were immersed in small containers, where these containers 

immersed in controlled water temperature to keep temperature at 37 ˚C(±2). 

3.6.8  X-Ray Diffraction  Analysis 

X-ray diffraction (XRD) was carried out to define the presence of 

phases crystallographic properties in the Ti6Al4V substrate, HAp and TiO2 

coatings as well as the composite biocoatings layer. This test was performed 

in the University of Babylon - Materials Engineering College by using XRD 

(LabX 6000, Shimadzu, Japan origin) with nickel filter and copper generator 
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of Kα radiation (λ=0.154056 nm) at 40kV and 30 mA with a speed of 2°/min. 

was used, and a range of 2θ = 10 to 90.  

3.6.9  Scanning Electron Microscopy (SEM) 

For the purpose of obtaining surface composition and its morphology, a 

scanning electron microscope (SEM) was used. The sample is imaged through 

a high-pack of electrons. An Energy Dispersive X-ray Spectrometry (EDX) 

detector combined with SEM was employed to detect the elemental 

distribution of the selected points/area in the SEM image. The samples were 

coated with a gold layer of around 15 nm (model Q150T, QUORUM) before 

the observation to avoid sample charging during imaging. This test was done 

in University of Babylon- Pharmacy College by using SEM type (TESCAN 

S8000). 
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Results and Discussion 

4.1 Introduction 

 
he main objective of this study is to fabricate experimentally the 

composite biocoatings of hydroxyapatite (HAp) and titanium dioxide 

(TiO2)  layers on Ti6Al4V substrate to enhance biocompatibility and 

corrosion resistance against aggressive body fluids of artificial implants. In 

addition to overcome the problem of mismatch between coefficient of 

thermal expansion between HAp and titanium substrate which cause the 

cracks during sintering leads to poor adhesion of coating. 

         After conducting many experiments in different conditions to 

coating the samples until reaching the ideal conditions, then selecting 

and fixing it for all samples. Subsequently single-layer coating and 

multi-layer gradient coating were performed. Uniform and smooth 

coatings are formed at 20 and 1min. When the voltage increases up 

to 30V, the coating is nonhomogeneous. However, the formed 

coating starts to irregular precipitation due to the high voltage, the 

particles do not reach the surface of the sample at the same time. 

Thus, the optimal conditions for EPD process is 20V for 1 min. In 

this chapter presented, the practical tests conducted on samples with 

and without coating for the purpose of conclusion. The comparison 

and discussion of the test results obtained and proving the 

effectiveness of gradient coating in improving the biological 

properties that must be available in prosthetic implants. These tests 
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include XRD, SEM, EDS, hardness, roughness, wetting angle, 

corrosion resistance, anti-bacterial and metal released ions.   

4.2 Microstructure of the Ti6Al4V Substrate 

       Figure (4.1) illustrates the microstructure of the  cast Ti6Al4V 

where the microstructure consisted of equiaxed alpha grains, 

elongated alpha grains and a network of intergranular beta phase. It 

is observed that the samples have been etched to reveal the grain 

boundaries in the microstructure. Pores of different size are irregular 

but have been rounded. The most common types of features in the 

microstructure in metallic materials are the boundaries between 

crystalline grains and /or the boundaries between different solid 

phases in multiphase alloys. This observation confirms the results 

obtained by other investigators [54, 121].              

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure (4.1): As-received microstructure of Ti-6Al-4V alloy showing 

elongated α (blue arrow), equiaxed α (red arrow) and intergranular β (black 

arrow) using different magnification. 
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4.3 Scanning Electron Microscopy Analysis 

        The cross section of the HAp/TiO2 composite biocoatings 

Figure (4.2) reveals that it includes five layers as TiO2 inter layer 

near the substrate, HAp top layer and three intermediate HAp\TiO2  

graded layers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

       

Figure (4.2): Schematic of SEM  cross section image for composite 

biocoatings sample.  

           As can be seen above, introducing the TiO2 intermediate layer 

and grading the composition improves the adhesion and cohesion of 

the coating. The total thickness of the composite biocoatings 

HAp/TiO2 is measured about 173.0μm. The TiO2 layer portion of the 

total coating thickness. Since the main function of the TiO2 layer is 

to improve the adhesion of the HAp. Biocoating with single-layer 

TiO2 and HAp coatings is  displayed in Figure (4.3a-b). Both of  

HAp and TiO2 coatings have good interconnection between particles 

HAp 100% 

TiO2 30% + HAp 70% 

TiO2 50% + HAp 50% 

TiO2 70% + HAp 30% 

TiO2 100% layer 

Ti6Al4V  substrate 

HAp 

Graded Layers 

TiO2 

Ti6Al4V 
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after sintering. But the HAp layer is easily brittle and many cracks on 

surface. Because the nature of the ceramics haven't good crack 

toughness during the sintering process, the cracks in the layer are 

occurred. It is also due to the large difference in thermal expansion 

between the coating and the substrate. 

 

 

 

 

  

 

 

 

 

 

Figure (4.3): SEM image for electrophoretic deposited (a- titania and b- 

hydroxyapatite) on Ti6Al4V alloy. 

                   Figure(4.4) shows that the morphology of composite 

biocoating, including different layers of HAp layer, TiO2 layer, 

HAp/TiO2 intermediate graded layers that are deposited at the 

deposition 20V for 1 min represented a smooth, dense (more close 

packed microstructures), good homogeneity surface with less porous 

structure, crack- free and uniform coating were achieved. 

      The rough and porous morphology of the coating surface 

facilitates the accumulation of nucleations and osseointegration of 

bone in the formation of bone-producing cells. 

         The SEM cross sectional micro graph of HAp single layer 

porous coating (see Figure 4.5) demonstrates that a uniform with 

a b 
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thickness of approximately 256.4μm is formed, obtaining the best 

morphological results at a voltage of 20 volts and a time of 1 min.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.4): SEM micrograph of the surface morphology of 

composite biocoatings on Ti6Al4V alloy. 
 

        

 

 

 

 

 

 

 

 

 

 

Figure (4.5): Cross-sectional SEM micrographs of the deposited HAp 

coating after sintering. 
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         Supporting the XRD results, EDX analysis also revealed the 

presence of prominent elements in the coatings. The elemental 

composition of the HAp, TiO2 and composite biocoatings HAp/TiO2 

coating deposited on the Ti6Al4V substrate are illustrated in Figure 

(4.6). It can be observed that the main elements of Ca, P, O and Ti 

are presented in the coatings. The existence of these elements affirm 

the formation of successful coating on the substrate. Moreover, there 

is no other Peaks different from HAp and TiO2 and this assure the 

coating purity.  

           It is most important to know the Ca/P ratio (1.81), which is 

consider a necessary parameter that defines the properties of the 

deposited calcium phosphate percentage in the  composite biocoating 

that would be utilize in the biomedical applications. Also, it can be 

seen from this Figure, the Ti value decreases gradually from 

substrate to coating top surface while the Ca and P value increase 

from the substrate to the coating surface. This observation confirms 

the results obtained by other investigators [128, 129]. 

         Table (4.1) illustrate these ratios for composite biocoatings 

sample. Figure (4.7) shows the linear EDX analysis of composite 

biocoatings HA/TiO2 coatings. Variation of Ti, Ca, and P content 

from Ti-6Al-4V substrate to coating top surface is observed 

obviously.  
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Figure (4.6): EDX analysis of  composite biocoatings HA/TiO2 coatings for 

different area. 

Table (4.1): Quantitative EDX Results for selective area. 

Elt Line Int Error K Kr W% A% ZAF Ox% Cat# 

O Ka 359.2 36.1154 0.0897 0.0486 52.86 65.08 0.1152 0.00 0.00 

P Ka 346.4 232.6824 0.0845 0.0481 6.46 5.19 0.7715 0.00 0.00 

Ca Ka 769.8 6.5952 0.2013 0.1122 11.75 7.01 1.0260 0.00 0.00 

Ti Ka 2326.1 6.5952 0.6246 0.3598 28.93 22.72 0.8604 0.00 0.00 

    1.0000 0.5687 100.00 100.0  0.00 0.00 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.7): The linear EDX analysis of  composite biocoatings HA/TiO2 

coatings. 

 

4.4 X-Ray Diffraction Test Result 
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       The phases of the sintered biocoatings were analyzed by Philips 

analytical X-ray diffractometer. The XRD patterns were compared with the 

standard JCPDS data and it was found that all the phases could be distinctly 

identified showing the existence of original component powders in the HA, 

TiO2. 

Ti-6Al-4V is an α+β alloy because α and β microstructural 

phases coexist at room temperature. The α+β alloys are interesting 

because they combine the strength of α alloys with the ductility of β 

alloys, and their microstructures and properties can be varied widely 

by appropriate heat treatments and thermomechanical processing 

[156]. 

Identification of phases present in Ti6Al4V substrate before 

coating are showed in Figure (4.8), where there are two main phases 

appeared, the (α-HCP) and (β-BCC). These phases are identified 

with their crystalline planes according to the JCPDS card numbers 

where the diffraction pattern of the  α-Ti phase match with the 

(JCPDS Card No. 06-0694) peaks and the β-Ti  phase match with the 

(JCPDS Card No. 33- 0397). 

 

 

 

 

 

 

 

 

 

 

Figure (4.8): XRD pattern for the Ti-6Al-4V sample, indicating α+β phases. 
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The XRD pattern of the sintered TiO2 coating sample was 

compared with JCPDS#88-1175 for rutile TiO2 and JCPDS#84-1286 

for anatase TiO2 phases. Figure (4.9) reveals the presence of a large 

number of peaks corresponding to the anatase phase compared to the 

rutile phase. The sharp peaks of TiO2 suggest that its structure is 

polycrystalline.  

 

 

 

 

 

 

 

 

 

 

  

 

Figure (4.9): XRD pattern for the TiO2 coated specimen. 

Figure (4.10) shows the XRD patterns of HA single layer 

coating that is sintered in argon condition at 950°C for 1 hr. As seen, 

two series of peaks are observed in all the patterns, those related to 

the Hydroxyapatite compound (JCPDS No. 9-0432). In addition, 

there are some of peaks related to the β-TCP and α-Ca2P2O7 in the 

XRD pattern of the sample which means that HAp decomposition 

occurs at such temperature and sintering time in argon condition.  

The decomposition of HAp phase in contact with substrate 

which is due to the migration of metallic ions at the interface. 
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Figure (4.10): XRD pattern for the HAp coated specimen. 

 

The XRD pattern of sintered HAp/TiO2 composite biocoating 

in argon condition at temperature of 950 °C for 1 hr is given in 

Figure (4.11). The pattern prove the presence HAp and rutile/anatase 

phases of TiO2 (JCPDS No. 4-0551 and JCPDS No. 21-1272) in the 

coating. Since the phase transformation of anatase to rutile took place 

at the temperature range of 400-1000°C (which depends on the 

microstructure, impurity and particle size of anatase particles), the 

anatase TiO2 in the deposited composite biocoatingstarts to convert 

to rutile during the sintering process and the corresponding 

reflections of rutile phase are observed in the XRD patterns obtained 

after sintering, see Figure  (4.11). These results agreed with that 

obtained by other investigators [54, 58]. 
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Figure (4.11): XRD pattern for the composite biocoatings  HAp/ TiO2 

coating specimen. 

        Finally, from the XRD patterns in Figure (4.11), it is clear that 

HAp starts to decompose to β-TCP at 950°C when it is not pure and 

present in composite biocoatings with TiO2. Moreover, there is some 

peaks, related to α-TCP phase in the patterns that means 

decomposition of HAp to α-TCP, has been occurred during sintering. 

        The HA phase is most stable phase with the lowest solubility in 

body fluid. The reduction in peaks intensity of α-TCP and β-TCP 

unstable phases (high solubility in the body fluids) in composite 

biocoatings sample denotes that the graded structure of coating acted 

as a barrier layer against ion diffusion between HAp and substrate,  

and reduced the decomposition of HA at the surface. 

4.5 Micro Hardness 

      As is well identified, the biomaterial utilized for long-term 

implants should possess higher mechanical strength and better 

biological properties owing to the complex nature of human body 
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environment [157]. Therefore, in this study, the micro-hardness, as 

one of the mechanical properties required for coated surfaces, is 

evaluated, and the results of uncoated and coated samples are 

represented in Figure (4.12). It can be seen from this figure that the 

hardness of uncoated substrate is  80.91 HV, which is the lowest 

value compared with that of coated substrates. On the other hand, the 

average micro-hardness of the HAp/TiO2 graded coated sample at 

three different regions is 219.63 HV, which is higher than the 

uncoated substrate and even higher than the hardness of HAp, TiO2 

alone (197.2) HV, (211) HV respectively . 

       The values of the Vickers hardness test results are summarized in Table 

(4.2). From this Table, it can be concluded that the value of hardness HAp 

coated slightly less than its counterpart TiO2 coated. While, it is found that 

there is a maximum value of hardness 219 HV for composite biocoatings. 

This can be attributed to the fact, that the presence of TiO2 particles in HAp 

coating layer will improve the physical reliability between the substrate and 

coating layer to produce a higher bonding between the particles, and this 

lead to a marked increase in the hardness of the layer. Furthermore, the 

coating with coherent layer, significant bonding strength and lower amount 

of porosity provides higher hardness [58, 114].  

 

Table (4.2): Experimental data of the coated and uncoated samples.  

Sample Load (N) Dwell Time 

(sec) 

Vickers Hardness 

(HV) 

HAp 25 10 197.2 

TiO2 25 10 211.5 

composite biocoatings  25 10 219.6 

Ti6Al4V 100 10 80.91 
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Figure (4.12): Vicker's micro-hardness (HV). 

 

4.6 Surface Roughness 

      The HAp coating has textured surface with higher roughness among 

samples, nevertheless, without appropriate mechanical strength, high 

roughness will be unworthy. This roughness can be attributed to the brittle 

character of HAp [34, 84]. By surface roughness measurement, the 

composite biocoatings is the optimal option among others. It was pointed out 

that the rapid attachment of the osteoblast cells onto the implant surface can 

be achieved by increasing the surface roughness, which may provide a 

substantial improving in contact area with the bone. Roughness acts as a 

driving force for osseointegration due to the high surface energy of the rough 

surface as well as the improvement of contact between the bone and implant. 

On the other hand higher surface roughness lead to increase bacteria 

adhesion.  

       Adding TiO2 to the HAp coating reduces the brittleness of the coating 

and the cracks are almost eliminated, thus showing less roughness for 

composite biocoatings. TiO2 has lowest surface roughness than other 

coatings. Also, the calculated average surface roughness parameters for all 
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coatings are in the micro-metric range. The surface roughness values are 

represented by Figure (4.13). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.13): Surface roughness values (Ra) µm. 

 4.7 Wettability  

       The surface of non-coated titanium sample has a higher aqueous 

contact angle of 84.48° indicates a less hydrophilic surface compared 

to the coated samples that presents a water contact angle of test 

values as illustrated in Table (4.3). 

Table (4.3): Contact angle (θ º) of Ti6Al4V and coated samples. 

Sample Ti6Al4V HAp TiO2 composite biocoatings 

Contact angle 

θ (deg) 

84.48º 12.52º 41.6º 13.11º 
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        The reduced contact angle may be attributed to the effect of surface 

texture (surface roughness) as shown in Figure (4.14) and other 

biocompatible phases (α-Ca3(PO4)2, β-Ca2P2O7 and TiO2  (rutile and 

anatase)) formed during sintering because of formation of more bioactive 

phases (α-TCP and TiO2 (anatase)) with the phases (β-TCP and TiO2 (rutile)) 

in the composite biocoatings as these phases provide synergistic effect to 

make the surface more hydrophilic. These results agreed with that obtained 

by other investigators [123, 130]. Figure (4.15) reveals surface roughness 

values of uncoated Ti6Al4V and electrophoreses depositing coatings. The 

results of previous research indicate that the high surface wettability and 

surface roughness at the micron scale were for the synergistic effect of 

reduction on cell adhesion and growth. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.14): Effect of surface roughness on wettability. 

 

 

 



 
86 CHAPTER FOUR: RESULTS AND DISCUSSION 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.15): Photometric quantification of contact angle θº bound 

to the different experimental coating surfaces. 

4.8 Electrochemical Corrosion 

       Titanium and Ti6Al4V have higher breakdown potential and lower 

passivity current, indicating that these materials have higher corrosion 

resistance. In the presence of chloride ions, a breakdown potential of several 

more positive than the free corrosion potential are necessary. localized 

corrosion is caused by the migration of ions across the passive film. 

Accumulation of oxychloride at the metal-film interface is responsible for 

the oxide film rupture as a nucleation event. The potentiodynamic 

polarization curves of base Ti6Al4V, HAp ,TiO2 and composite biocoatings 

samples in the SBF solutions are illustrated in Figures (4.16) to (4.18)  

Polarization curves, which are used to report the corrosion properties of a 

metal, are commonly used in research on electrochemical corrosion. A large 

free corrosion potential and smaller passivation current yield a better 
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corrosion resistance. The corrosion parameters, extracted from polarization 

curves using Tafel least square fitting method, are listed in Table (4.4).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.16): Potentiodynamic polarization curves of coated and 

uncoated samples in Ringer's solution. 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.17): Potentiodynamic polarization curves of coated and 

uncoated samples in NaCl 0.9%. 
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Figure (4.18): Potentiodynamic polarization curves of coated and 

uncoated samples in artificial saliva. 

       In all media used in the examination, it can be seen from the 

results obtained in Table (4.4), the uncoated substrate has higher 

corrosion current density and thus lowest corrosion resistance 

because of the occurrence of metal ions dissolution on the surface of 

the uncoated substrate.  

Table (4.4):  Electrochemical parameters of Ti6Al4V substrate and coated 

samples in different media. 

 

Media Sample Ecorr (V) Icorr(μA/cm
2
) CR (mpy) Rp×(10

-3
) 

 

Ringer's 

Solution 

Base  -0.84 20.09 0.176 1.29 

HA -0.29 4.00 0.035 6.50 

TiO2 -0.26 3.18 0.027 8.17 

Comp.C -0.23 2.52 0.022 9.90 

 

NaCl 0.9% 

Base  -0.42 7.99 0.070 3.25 

HA -0.31 6.35 0.055 4.09 

TiO2 -0.18 1.79 0.014 14.5 

Comp.C -0.15 1.42 0.012 18.3 
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Artificial 

Saliva 

Base  -0.235 15.96 0.140 1.62 

HA -0.18 10.07 0.088 2.58 

TiO2 -0.13 6.53 0.057 3.98 

Comp.C -0.14 2.52 0.022 10.31 

      

         By observing the values of the corrosion current for the 

uncoated samples, we find that the value of the corrosive current 

density in the Ringer's solution and NaCl 0.9% is higher than the 

corrosive current value of the uncoated sample in the artificial saliva 

solution and the reason for this is that the artificial saliva and NaCl 

0.9% have a higher pH value than that of Ringer's solution. In the 

case of coated samples, there are a clear improvement in the 

polarization behaviour after coating in the values of Ecorr, Icorr and 

CR. The value of Ecorr after coating is shifted towards the noble 

direction of potential. In the case of TiO2 coated samples, the 

crystallization of the TiO2 on Ti6Al4V rendered the layer very stable, 

showing the most effective corrosion resistance. 

         The results corresponding to composite biocoatings samples 

imply a significant decrease in the corrosion current density (Icorr) 

and corrosion rate, and an increase in the corrosion potential (Ecorr), 

which means an increasing in the resistance corrosion Figure (4.19). 

This indicates that composite biocoatings structure of coatings helps 

to produce a coating with fewer micro-cracks due to the 

improvement in CTE HA (αHA=¼14–16×10
-6

K
-1

) and Ti–6Al–4V 

(αTi–6Al–4V=8.9×10
-6

K
-1

) by incorporating graded coating with 

TiO2 (αTiO2=10.2×10
-6

K
-1

) mismatch between Ti6Al4V and the 

coating [133]. When micro-cracks are present in the coatings, 

conducting paths between the corrosive medium and the Ti6Al4V 

substrate will eventually be formed. Gradient layer of HAp/TiO2 

improves this consequence by progressing the coating integrity. The 
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corrosion rate of the base (Ti6Al4V) alloy and different ceramic 

coatings in different medias as shown in Figure (4.20). 

        The shift Icorr towards the negative direction means 

improvement in the passivation layer after coating leads to reduce the 

Icorr value. In the other words, the TiO2 interlayer adheres well to 

the titanium alloy substrate, and on the other hand, a HAp bioceramic 

coating can be formed with less porosity and microcracks on 

Ti6Al4V/TiO2. Therefore, the interlayer reduces the contact between 

the SBF solution and the substrate, reducing the corrosion current 

density. These results agreed with that obtained by other 

investigators [63, 111].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.19):Corrosion resistance of experimental samples in different 

medias. 
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Figure (4.20): Corrosion rate of the base (Ti6Al4V) alloy and different 

ceramic coatings in different medias. 

 

4.9 Metal Ion Release  

         Metal ion release test is used to ensure the capability of alloys 

to be used in human bodies. The uncoated and composite biocoatings 

samples are immersed in synthetic  artificial saliva and Ringer's 

solutions at 37°C for 21 day. The purpose of this study was to 

investigate the type and amount of ions released from Ti6Al4V into 

bio fluids. Figure (4.21) shows the effect of different immersion 

media on the accumulative  ions release concentrations (Ug/l) from 

composite coated/uncoated Ti6Al4V. By observing the practical 

results of the examination listed in Table (4.5). From previous Table 

and Figure, it can be observed that the concentration of ions released 

from the uncoated sample is greater than the concentration of ions 

released from the gradient coating sample, and the reason for this is 

due to alloying titanium as Ti–6Al–4V reduces the electrochemical 
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stability induced by passivity, and the alloy shows some breakdown 

events in Ringer’s solution. We may take into account the effect of 

the pH value of the Ringer's solution is less than that of artificial 

saliva. 

       In the case of the coated samples, the composite biocoatings samples 

exhibit a minor decrease in ion release rate. However, the reduction range in 

ion release were (21-38 %) noted with the coated sample. This reduction in 

metal ion release is attributed to a dense, stable and crack free graded 

HAp/TiO2 coating, which act as a barrier that prevents the release of ions 

from the implant surface. 

Table (4.5): Results of atomic adsorption spectroscopy test for base 

(Ti6Al4V) and composite biocoatings.  

 

Samples  Ion Release (Ug/l) 

Al Ti V 

Ringer  base  3.12 2.53 1.61 

Comp.C 2.21 1.98 1.21 

Saliva  base  2.42 2.10 1.43 

Comp.C 1.74 1.65 0.88 
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Figure (4.21): The effect of different immersion media on the accumulative 

ions release concentrations (Ug/l) from composite coated/uncoated Ti6Al4V. 

 

4.10 Antibacterial Study  

       The antibacterial effect of composite biocoatings HAp/TiO2 and 

uncoated specimens are investigated against E. coli culture as shown 

in Figure (4.22). The formation of clear region around the disc refers 

to the bacterial inhibition zone. It can be observed that the case 

exhibited a good antibacterial effect after 24hrs. of incubation period, 

but the uncoated specimen © and pure HAp sample have a small 

inhibition zone as compared with the HAp/TiO2 one. This is because 

of that the anatase TiO2 itself is antibacterial [161] and therefore a 

strong antibacterial effect of the HAp/TiO2 (1, 2, 3 and 4) particles is 

obtained. Therefore, the presence of TiO2 particles in the HAp 

coatings is effective in preventing the bacterial adhesion on the 
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surface and in turn, preventing bacteria growth that would improve 

the antibacterial activity. 

 

 

 

 

 

 

 

 

Figure (4.22): Images of the antibacterial tests of HAp and HAp/TiO2 

against E. coli. 
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Conclusions and Recommendations 

5.1 Key Findings  

         In the current study, the HAp/TiO2 composite biocoatings has been 

deposited on the surface of medical Ti6Al4V alloy successfully by using 

EPD process for biomedical applications. The effect of gradient layer on 

mechanical and chemical properties of composite biocoatings HAp/TiO2 

coating was investigated in comparison with single-layer HAp / TiO2 

coatings. In view of the test results, the following conclusions can be 

presented. 

1. The composite biocoatings HAp/TiO2 coatings were successfully 

fabricated on Ti6Al4V substrates by electrophoretic deposition after 

choosing the optimal conditions for coating by trial and error 

method. 

2. Addition of Polyethyleneimine PEI to the HAp/TiO2 EPD bath 

resulted in more stable suspensions and deposition of uniform crack 

free coatings. 

3.The XRD, analysis results showed desired phases   (hydroxyapatite 

and TiO2 (rutile and anatase)) acquired in the coatings by utilizing 

prepared suspension and heat treatment at 950°C. In addition to some 
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bio-phases resulting from the decomposition of hydroxyapatite at 

sintering temperature. 

4. Based on the electrochemical corrosion behavior of samples in 

SBF solution at 37ºC, the corrosion current density and corrosion 

rate significantly decreased by implementation of TiO2 and graded 

structure of coating while corrosion potential and linear polarization 

resistance increased. 

5. The morphology of composite biocoatings was homogenous and 

crack-free when coating with the optimum condition at 20 V for 1 

min. 

6. Gradient layer of HAp/TiO2 improved the average surface micro-

hardness by progressing the coating integrity. 

7. EDS results showed that the coated sample at (20V-1min) has 1.81 

Ca/P ratio, which is corresponding to the theoretical ratio of HAp, 

while the amount of TiO2 (50 wt.%) present in the coating at this 

condition agreed with the theoretical value of titania added in the 

total suspensions of EPD. 

8. The incorporation of titanium within the HAp deposited provides 

excellent adhesion to the substrates and may prevent implant 

loosening, which are highly desirable traits for bio implants, and the 

results of the examination of the released metal ions proved this. 

9. HAp/TiO2 composite biocoatings offer a protective effect and can 

prevent the release of toxic metallic ions from Ti6Al4V alloy in a 

physiological environment. The levels of released ions increased 

with decreasing the pH value of the solution. 
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10. The obtained coatings thus can be successfully used to change 

the surface of Ti6Al4V implants to improve their biological 

properties and antibacterial performance. 

5.2 Recommendations for Further Research 

 

1. Studying experimentally and numerically the corrosion behavior of 

composite biocoatings HAp/TiO2 on Ti6Al4V implant, but in vivo.  

2. The tribo-corrosion behavior of Ti6Al4V coated with HAp/TiO2 by 

EPD technique must be further pondered scientifically and 

experimentally. 

3. The effect of laser surface treatment on the morphology and corrosion 

resistance of the composite biocoatings HAp/TiO2 coating layer 

should be scrutinized. 

4. Experimental study of the corrosion behavior of composite 

biocoatings HAp/TiO2 in human body fluid by using TiAlNb, and Ni-

Cr alloy need to be carried out. 
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ك أ      ( 20V, 1.0min)      ر ه ق    ت  رااف        ي ض       يب راع ا      رايط        عا    سي      را 

 ه   ي  ا ةا     ا اس      رايوا   ودج ف   ي علأ     1.81 أس      را  اس    و  را     را و      ا  س        را    

كي    ا ا    أف      فد  س ق ا      راف    ع رب  ر      رافي   ه ا ط  ت  رايفر     ه  ي  .را       راد  ي

       سج ا فط  ا     ا راد           ارها      ا     ب راط    ت  دةا       ه    ال رااف ج      رلا ج ا        13.11

  د  ا ي  .

 



 الخلاصة

راط   ت را  را راط ا     راورل   سج  رايفسةا                        ر      ي ه   ال راسةر             ف   

ع     قر      رافر       را  را   ي ع       / ث    أي يكس    س راف ف    أ و  ه سة كس   ي را         دق      

. أف ج     ا د   وردر  رو    ررم  ا ره           رو          Ti-6Al-4V          راف ف    أ و  أ   و 

روض   ررة راف   ي  د   سر . را     راورق     ا وص   ول  ا     رااف       روق   ر   رلااد    ر س   فير راج    ود 

ع      رافغ     رلإأس   ب اش   ع     ن.  ي       اش   ع ع    را       راد  ي  اس    اع  م  ا     ف  ي

راط        يةاط     راعلأ       رو    ا ب  روا    ر  رو    ر    ا رايعسأ               تل را ةع     ا    

 رافج   ة  ا دل  ول ع     أف      .         تل راع               وف ر را   رن   ض    عو  ي     راف  ي

 رض          ل   ا رافورف    راد   ول اغر    ا راف ف   أ و                راف  ي  ل  ا  ع     يأ     

   رلسج    يفضع رايورد رايفورفا  ل و    در ع روأسج  راد  .

  راف ف     أ و  راف    ي ر         راد و       ا س          رافا ا             سه ه    ال راسةر        ا             دج 

ع     قر      ق   ت  راس   ط  ايس    ل    را  ف    رل  رااي   وا فآك   ع  رايض    دج   ل  ل    فدس      ا

ق ا       ر             .ثا     ي ر كس    س راف ف    أ و /ه سة كس   ي را        )       راس    رر    راد    ول

ق ا     رك               برااا      / ث   أي يكس    س راف ف   أ و ه سة كس  ي را          ا   ردج       ك  ع      

ا          فيسر   اا           رافر              Ti-6Al-4V               ع           رايس         ل   رع        تل             

ا     / اف   ر    50افرك          راجس    ي ا رايش   دوأ  رايع ا     ف   ي رلإ      أول (EPD)ي  را  را   

ف  ي دةا     ل   ررةج  PEI ا    / اف   ر ع     ة    ع     دج ةراط     6       رض    ف   ا   ع  س   دو 

دق ا               ا   رر   ع اج      1فوا       ق      ر        20راغرف                 ر ه    ا              

دةا      ةو      اي   سج      ع   950لررة      ا ع ا    ا رايط       ف   ي ا   و       ع       روةا   وب عا   س 

 . رلسج افدس   رلاافل  

ل      س             ع راس    يرايل      س راس    طد   ا رك        رايط               ا          ا ةأ             

راسق ا        ش    وأ  راس    ط   ق ا         دج       وت رافآك    ع  رال    ت راطوة      فد    ولاا را  راس    ط 

ه   ي  اا       رع   سج لإأش       EPD را     ع  رلا ف     ة رايض    د ا   ف ر     . ي     را رااف       يب

ا       ع  في         ل      س  Ti-6Al-4V ق    ت  ل     ول  ف    سةى             ع            ط 

 .ا فط  ا ا راط    راد و  



 
 ســـــــرى

 

 

 

 

 
 لتقىم اعلاى وألهدائمة أ

 )ع(لنبي ابيت  آل

 لىإ

 
 

 لىإ
 حياتي طريق لتضيئاحترقتا ا للتينا لشمعتينا

 بيوأمي أ
 

 
 لىإ

 ذخري وسندي في الحياة

 ابني وبناتي ...الغالي زوجي

 

 وأختي أخوتي

 
 

 من يحبون لي الخير كل 

 
 
 

 لىإو
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