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Abstract: 

     The current study aims to use Ti-6Al-7Nb alloy in medical applications 

include (orthopedic and dental implant) but it has poor wear resistance and 

hardness. So, Micro-Arc Oxidation (MAO) technique is adopted by applying 

breakdown voltage to an aqueous solution containing modifying components. It 

is an innovative chemical/electrochemical way of producing thick and durable 

ceramic coatings on titanium alloys.   

       In MAO electrolyte, nano additives like as hydroxyapatite (HA) and 

zirconia (ZrO2) are used. The process was carried with different voltages (300, 

350, and 400) V, current of (1-5) A, and deposition times (7, 15, 30, and 60) min 

by a home-made coating system. The coating characteristics are identified by 

using field emission scanning electron microscopy (FESEM), (EDX), atomic 

force microscopy (AFM) and the resulted phases are identified by X-Ray 

diffraction (XRD), mechanical test (microhardness, wear, and adhesion test). 

The electrochemical test in the Ringer’s and Saliva’s solution using a 

potentiodynamic and cyclic polarization tests and ion release. Moreover, the 

antibacterial behavior with bacterial strains of E.coli is investigated for the 

coating layer.  

     The results of the tests showed the possibility of deposition of ceramics 

coatings on the surface of Ti-6Al-7Nb alloy by using additives and different 

voltages and deposition times. The ceramics layer of titanium oxide (TiO2) 

which is formed during coating porous and homogenous distribution in group A 

and high hardness (311.5HV) at (350V  30min) and wear resistance which 

leads to weight loss and decreases wear rate (9.46×10-6) and corrosion rate 
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equals to (CR= 0.1114 mpy) in Ringer’s solution with increased voltage and time 

increased thickness layer (56µm) and increased porosity and roughness and 

increase wettability. A composite nano ceramic layer was obtained from 

hydroxyapatite (HA) with TiO2 in group B, nano ZrO2 with TiO2 in group C, and 

HA, ZrO2 with TiO2 in group D were observed with increased voltage and time 

increased thickness layer and concentration of HA and ZrO2  and decreased 

porosity compared TiO2 layer thus, the best results were obtained in terms of 

hardness (368.1 HV at HA/TiO2 layer for 400V30min), (466.7 HV at 

ZrO2/TiO2 layer for 400V30min), and (584.9 HV at HA/ZrO2/TiO2 for 

400V15min). The wear resistance equal to (4.33×10-7 at HA/TiO2 layer for 

400V30min), (1.06×10-7 at ZrO2/TiO2 layer for 400V30min), and (9.84×10-8 

at HA/ZrO2/TiO2 for 400V15min).  

    Improvement corrosion resistance in two solutions by using a 

potentiodynamic and cyclic polarization equals (87.4% and 87.83% for sample 

B11 in Ringer’s and Saliva’s solutions respectively), (94% and 88.13% for 

sample C11 in two solutions), and (88% and 91.12% at HA/ZrO2/TiO2 for 400V 

and 30min in two solution) and increased wettability by decreased contact angle.  

   The amount of ions released are less than that of the base alloy in two 

solutions equal to (0.0183, and 0.0191) ppm in Ringer’s and Saliva’s solution 

for TiO2 coating and (0.0074, and 0.0077) ppm, HA/TiO2, and ZrO2/TiO2 reshod 

to (0.0066, and 0.0048) ppm, for nano composite coating HA/ZrO2/TiO2 

(0.0017, and 0.0011) pp.  The ZrO2/TiO2 and HA/ZrO2/TiO2 coating has a strong 

antibacterial effect that could prevent the bacteria growth.  
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CHAPTER ONE 

INTRODUCTION 

 

1.1 General Review 

     Biomaterials are now widely used in medicine to help patients recover 

function and heal after an accident or sickness. As a result, biomaterials aid in 

enhancing human quality of life and longevity, and the area of biomaterials has 

experienced fast expansion in response to the demands of an aging population 

[1]. 

    The usage of biomaterials may be traced back to antiquity, when ancient 

Egyptians utilized animal sinew sutures. Biomaterials is a modern field that 

combines medicine, biology, physics, and chemistry, as well as tissue 

engineering and materials science [2]. Implants (sutures, bone plates, and joint 

replacements) and clinical devices (pacemakers, synthetic hearts, and blood 

tubes) are commonly employed to update and/or restore the features of damaged 

or deteriorating tissues or organs, resulting in improved patient satisfaction [3]. 

     Since the development of biomaterials in the preceding decade, tissue 

engineering, regenerative medicine, and various metals, ceramics, polymer, and 

even living cells and tissue have all been discovered to be beneficial.  For usage  

in biomedical goods and equipment, they can be molded or machined into 

components, coatings, fibers, films, foams, and fabrics [4].  

    The acceptance of the biomaterial by the human body is the first and most 

important criterion for its selection. A biomaterial used for an implant should 

have certain characteristics in order to be utilized in the body for a long time 

without causing rejection [5]. 

Metals, polymers, ceramics, and composites are the most prevalent types of 

biomedical materials [6]. The classes are employed alone and in combination to 
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create most today's implantation devices in Table (1.1). Depending on the 

implant's requirements, composites of the same material or composites of 

various materials were utilized to create the implant [3, 7]. 

The biomaterial must not contain any of the following: [7] 

1. Activated unfavorable responses by altering plasma proteins (including 

enzymes). 

2. Induced thrombus development, an inflammatory reaction, or malignancy 

(cancer) . 

3. damage or sensitize the blood's cellular components 

4. Elicit poisonous or allergic reactions 

5. Electrolyted depletion. 

6. Sterilization may have an impact. 

     Because of their high heat conductivity and mechanical characteristics, 

metals are employed (used) as biomaterials. Stainless steel 316L, cobalt 

chromium alloys (CoCrMo), Ti-alloys, and a range of other materials are 

commonly employed in load-bearing applications and must have adequate 

fatigue energy to resist the rigors of daily life (including tantalum, gold, dental 

amalgams, and other "specialty" metals) are increasingly often used for 

biomedical application [8]. 

    Titanium alloys are rapidly gaining popularity as a technological material. as 

a result of their excellent properties, an interest in their usage in mechanical and 

tribological additives within the biomedical area (field) is rapidly growing [9].
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Table (1.1):  Advantages, disadvantages and application of metals, ceramics and polymers [3,7]. 

 

Biomaterial Example Advantage Disadvantage Application 

Metallic Stainless steel High strength, 

tough, high 

ductility, 

biocompatible  

 

May corrode, dense, 

difficult to make. 

 

Joint replacements, bone plates, screws, dental root 

implants, Artificial heart valves, pacemaker cases 

and vascular stents. 

 

 

Co-Cr alloys 

Ti and its Alloys 

Gold or platinum Dental fillngs, electrodes for cohlear implants. 

Ag-Sn-Cu alloys Dental amalgams. 

Ceramic      Alumina Very 

biocompatible, 

inert, strong in  

Compression. 

Brittle, not resilient, 

difficult to make, low 

tensile and shear 

strength under fatigue 

loading. 

Dental, femoral head of hip replacement, coating of 

dental and orthopedic implants, acetabular and 

femoral components, vertebrae spacers and 

extensors. 

Zirconia 

Calcium phosphates 

Bio glass-ceramic 

Polymers     Polyethylene, Resilient, Easy 

to fabricate. 

 

Not strong, Deforms 

with time, may degrade. 

 

Sutures, blood vessels, hip socket, ear, nose, lenses, 

heart valves, and other soft tissues.  

 
    Polypropylene, 

    Collagen 

     PVC 
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       Titanium alloys are rapidly becoming the material of choice for nearly 

all applications, owing to their high strength, light weight, excellent 

corrosion resistance, complete inertness to the frame environment, better 

interoperability, low Elastic modulus, and real potential to sign up with bone 

or other tissues [10]. Describes various Titanium alloys' biological uses in 

Figure (1.1) [11-14]. 

    Because of their thermal stability, chemical inertia, and limited solubility 

in bodily fluids, titanium alloys spontaneously develop a passive oxide layer 

(primarily TiO2) that can shield (protect) these alloys from corrosion to some 

extent [15]. 

    Low wear, abrasion resistance and hardness, are problems that are solved 

by surface modification to enhance the abrasive wear corrosion resistance 

[16]. Therefore, a modification is required to overcome these limitations by 

coating of the metallic substrate with bioactive or bioceramic materials. 

Using the bioactive coatings on the implants is requisite for achieving the 

sufficient bioactivity of the implant [17]. 

   The coating layer promotes the osseointegration and decreases the 

corrosion rate by acting as a barrier to prevent or reduce the undesired 

release of toxic metallic ions to the surrounding tissue. The bioceramic 

coatings are applicable in dentistry, joint replacement, tissue engineering and 

surgical transplant of bone [18]. 

    To enhance the surface characteristics of Ti implants, a variety of methods 

have been devised. Electrophoretic deposition EPD, ion implantation, sol 

gel, chemical vapor deposition, plasma spray deposition micro-Arc 

oxidation (MAO), and other methods are among them [19]. 
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Figure (1.1): some of Ti alloys biological applications (a) An implant for 

total knee replacement [11], (b) An implant for total hip replacement [12], 

(c) the development of root form designs of titanium implant [13], and (d) 

a photograph of commercial dental implant designs [14]. 

 

  
 

                 
                                                    

(a) (b) 

(c) (d) 
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       Hydroxyapatite (HAp) coatings or its variations can be applied to 

otherwise bioinactive implants to make their surface bioactive, thus 

achieving fast healing and recovery. HAp [Ca10 (PO4)6(OH)2] has a bone-

like structure and is not only biocompatible but is also bioactive [20]. The 

HAp coating on metal implants are bonded to the surrounding tissue and 

exhibited good fixation to the host bones and also supported the substrate 

from corrosion attack in contact to the body fluids, while the underlying 

metal substrate afford the load [21]. Despite the biocompatibility and 

bioactivity of the HAp coating, the major limitation of the HAp is its weak 

mechanical integrity, brittle material and not adequate bone growth, which 

limit its application to the non-load bearing regions only in the human body 

[22]. 

     To enhance the mechanical properties of the HAp and to produce 

coatings that are more bioactive with better mechanical properties, another 

type of bioceramics materials is combined with the HAp like Zirconia 

(ZrO2) which appears bioinert ceramics materials [23].  

     Because of its great mechanical strength and fracture toughness, ZrO2 is a 

biomaterial with a promising future. ZrO2 ceramics have several advantages 

over other ceramic materials due to the transformation toughening 

mechanisms operating in their microstructure that can be manifested in 

components made out of them. Although, investigations for various 

therapeutic devices are ongoing, the usage of zirconia ceramics as 

biomaterials began over 20 years ago and is presently used in total hip 

replacement (THR) but developments are in progress for application in other 

medical devices [24]. 
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   1.2 Aim of the work 

      The aim of the current work using the MAO technique to deposit a 

suitable layer of nanocomposite coating of HA/TiO2, ZrO2/TiO2 and 

HA/ZrO2/TiO2 on the Ti-6Al-7Nb  substrate and investigate of the most 

essential variables (voltage and deposition time) to obtain the best 

properties of coating layer in order to improves biocompatibility, and 

bioactivity in dental and orthopedic implants. The study includes: 

1. Enhancing of corrosion performance. 

2. lowering the amount of metallic ions released from the implant by 

exhibiting an efficacious chemical barrier against the metal ions 

release from the metallic implant. 

3. Increasing hardness and wear resistance. 

4. Improving an antibacterial coating layer. 
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CHAPTER TWO 

THEORETICAL PART AND LITERATURE REVIEW 

 

     2.1 Introduction 

 This chapter is divided into two sections; the first one presents the defini-

tion of biomaterials, properties, classification of Ti-alloys, properties of Ti-

6Al-7Nb alloy, and surface modification. In addition, it explains the Micro 

arc oxidation (MAO) process, the methods used to deposit Tianna layer, 

process parameters, advantages and disadvantages of Micro Arc Oxidation, 

and method's applications have been mentioned. Also, titanium oxide, Hy-

droxyapatite, and zirconia oxide were explained. The second section in-

cludes the related literature survey. 

 2.1 Introduction to Biomaterial 

      Biomaterials are artificial or natural materials that are designed to oper-

ate properly in biological environments where they are utilized to direct 

complement or substitute the function of the human body's living tissues 

[25]. Biomaterials are commonly utilized for repairing or replacing muscu-

loskeletal system components such as bones, joints, and teeth . These mate-

rials utilized as implants or as prostheses [26].  

         An implant material's design should seek to give the necessary durabil-

ity, functionality, and biological response. Functionality and durability de-

pend on the material's bulk characteristics, while biological reaction de-

pends on the material’s surface characteristics such as topography, rough-

ness, chemistry, wettability and charge of the material surface. Biocompati-

ble implant materials must be non-toxic, non-carcinogenic, with small or no 

response of the host body as well as have chemical stabilization and re-

sistant to corrosion [27]. 
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     Biocompatibility classifies implants based on the sort of biological 

reaction they generate in long-term interactions with the host tissue   

Implant biocompatibility may be divided into three categories [28]: 

• Biodegradable / bioresorbable: gradually resorbed implant and substituted 

significantly by fresh bone growth.  

• Bioinert: no important biological bond between implants and bone.  

• Bioactive: bone and implant connect to each other immediately after im-

plantation leads to the formation of chemical bonds along the interface. 

    Different material classes such as metals, ceramics, polymers and com-

posites are now commonly used in the manufacture of bio-implants. Bio 

implants  are widely used in orthopedic, cardiovascular, dental, experi-

mental and veterinary medicine as shown in Figure (2.1) [3]. 

 

         Figure (2.1): Biomaterials for human application [3]. 
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2.3 Requirements Properties for bimetallic implant  

   The most important indications of the appropriateness of metallic im-

plants in hostile settings are corrosion resistance and biocompatibility [29]. 

These biomaterials are superior metallic materials due to of their ability to 

carry significant stress and go through the plastic deformation prior unit to 

the fail, as this shown their specific UTS and  fracture toughness [30]. 

      Biomaterial design and selection are influenced by the medical use. 

New biomaterial development is a multidisciplinary endeavor that frequent-

ly necessitates collaboration among biomedical engineers, pathologists, and 

clinicians are all examples of material scientists and engineers . An implant 

should have the following characteristics to serve for a prolonged amount of 

time without rejection [31]. 

2.3.1 Mechanical characteristics 

     The mechanical characteristics of a material determine the type of mate-

rial that will be used for a specific application. Hardness, tensile strength, 

modulus, and elongation are some of the most important characteristics 

[32]. The fatigue strength of a material defines its reaction to repeated cycle 

loads or stresses, and this characteristic has an impact on the long-term suc-

cess of a cyclic-loading implant [33], as illustrated in Table (2.1) [34]. 

Biomechanical incompatibility occurs when an implant break owing to 

insufficient strength or a mechanical mismatch between the bone and the 

implant. The material that will be used to substitute bone is predicted to 

have the same modulus as bone. The magnitude of the bone modulus varies 

from (10 to 40) Gpa depending on the type of bone and the direction of 

measuring [34]. 
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Table (2.1): The mechanical properties of various biomaterials [34]. 

Material  Density  

(g/cc) 

Compressive 

strength 

(MPa) 

Elastic 

Modulus 

(GPa) 

Toughness 

(MPa m1/2) 

Tensile 

strength 

(MPa) 

Human Bone: 

Cancellous 

Bone 

Cortical Bone 

 

 

1.8-2.1 

 

4-12 

130-180 

 

0.02-0.5 

10-40 

 

 

3-6 

 

10-20 

82-114 

Metals: 

Ti and Alloys  

Co-Cr-Mo al-

loys  

Stainless Steel  

Magnesium 

 

4.4-4.5 

8.3-9.2 

 

7.9-8.1 

3.1 

 

590-1117 

450-1896 

 

170-310 

65-100 

 

55-117 

200-253 

 

189-205 

41-45 

 

55-115 

100 

 

50-200 

15-40 

 

900-

1172 

400-

1030 

515-620 

Polymers: 

HDPE  

 

UHMWPE  

 

PTFE  

PMMA 

 

0.94-

0.96 

0.41-

0.49 

2.1-2.2 

1.12-

1.2 

 

25 

28 

30-60 

45-107 

 

1-2 

1 

0.3-0.7 

0.8-1.3 

 

- 

20 

 

1.8-3.3 

 

27 

38-48 

15-40 

38-80 

Ceramics: 

Zirconia  

Alumina  

Bio glass  

HAP  

AW glass Ce-

ramic 

 

6.1 

3.98 

2.7 

3.1 

- 

 

2000 

4000-5000 

1000 

600 

1080 

 

220 

380-420 

75 

73-117 

118 

 

9 

3-5 

- 

0.7 

1.9-2 

 

800-

1500 

282-551 

 

38-48 

Composites: 

CF/PMMA  

CF/Polysulfon

e  

CF/Epoxy 

Stycast 

CF/Epoxy Hy-

sol 

   

55 

76 

30 

 

24 

  

772 

938 

535 

 

207 

2.3.2 Biocompatibility  

     The materials utilized as implants should be extremely safe and should 

not induce any inflammatory or allergic reactions in humans. The bio-
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materials' success is mostly determined by the human body's reaction to the 

implant, which determines a material's biocompatibility [36].  

     The host reaction generated by the material and the material's deteriora-

tion in the bodily environment are the two primary variables that impact a 

material's biocompatibility. When implants come into contact with human 

tissues and fluids, various responses occur between the host and the implant 

material, and these reactions determine whether or not the materials are ac-

ceptable to our system. Thrombosis, which includes blood coagulation and 

platelet adherence to biomaterial surfaces, and fibrous tissue encapsulation 

of biomaterials implanted in soft tissues are two biocompatibility concerns 

[37]. Implant biocompatibility is influenced by a number of variables, in-

cluding size, form, material composition, surface wettability, surface rough-

ness, and charge are all factors to be considered [38], as illustrated in Figure 

(2.2) [34]. 

 

Figure (2.2): Factors affecting biocompatibility [34]. 
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2.3.3 Resistance of corrosion and wear 

        The corrosion resistance and wear of the implants  in body fluid are 

limited because leak non-compatible metal ions into the body, as shown in 

Figure (2.3) [39]. Allergic and toxic responses have been seen in response to 

the discharged ions [40]. Low wear resistance leads to implant loosening, and 

wear debris has been shown to trigger a variety of responses in the tissue 

where it is deposited [31]. 

 

Figure (2.3): Synergistic effect of corrosion on wear and vice versa: (a)   

Corrosion accelerated by friction; (b) Abrasion accelerated by corrosion 

products [39]. 

   2.3.4 Osseointegration  

    Osseointegration is defined as direct contact between viable remodeling 

bone and an implant with no intervening soft tissue [41]. Implant loosening 

is caused by the failure of an implant surface to integrate with the surround-

ing bone and other tissues owing   to micromotions [15]. If the implant is 

not adequately integrated with the bone, a fibrous tissue forms between the 

bone and the implant [38]. As a result, materials with the right surface are 

critical for the implant to integrate effectively with the surrounding bone . 

Surface chemistry, surface roughness, and surface topography all have a role 

in osseointegration development [31]. 
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2.3.5 Non-toxic 

     The material should not be genotoxic (causes harm to individual cells) 

or cytotoxic (alters the DNA of the genome) [40]. 

2.3.6 Host Response 

      The host response is the reaction of the host organism to the im-

planted substance or device (both local and systemic) [3].  

2.3.7 Bio-functionality 

             In physical and mechanical terms, bio-functionality serves a specif-

ic purpose. In service, the material must meet its design require-

ments[3]: 

• Stress distribution and load transmission (e.g. bone replacement). 

• Movement is made possible through articulation (e.g. joint replace-

ment for the knee). 

• Blood and fluid flow regulation (e.g. artificial heart). 

• Filling the empty space (e.g. cosmetic surgery). 

• Stimuli electrical (e.g. pacemaker). 

• Sound transmission (e.g.  implanted lenses). 

•  Light transmission (e.g.  implanted lenses and cochlear implant). 

2.3.8 Tissue Pathobiology and Functional Structure 

        Biomaterials containing medical devices are implanted into tissues 

and organs. As a result, field workers must understand essential concepts 

determining the structure of normal and pathological cells, tissues, and 

organs, as well as the methods for researching the structure and function 

of normal and abnormal tissues, and the underlying mechanisms of dis-

ease processes [3]. 



Chapter Two                Theoretical Part and Literature Review 

 

 
15 

2.3.9 Appropriate Design and Manufacturability  

       Machineable, moldable, and extrudable biomaterials are ideal. Fi-

nite element analysis is a powerful analytical tool that may be used in 

the design of any implant. In order to provide the quality required in or-

thopaedic devices, sophisticated production techniques are now required 

[3].    

2.3.10 Adequate Strength  

     The strength of the materials used to make the implants has an im-

pact on the artificial organ's fracture. The implant might be fractured if 

the strength is insufficient. When the bone implant interface begins to 

deteriorate, under stress, the creation of soft fibrous tissue at the im-

plant-bone interface can allow for higher relative movement between 

the implant and the bone [42]. This causes the patient agony, and over 

time, the pain becomes unbearable, prompting a revision surgery to re-

place the implant [3].    

 

2.2.10   Modulus equivalent to that of bone 

     Yield strength is essentially connected with the necessity of a lower 

modulus near that of human bones for important applications such as to-

tal joint replacement [43]. Large differences in Young's modulus be-

tween implant material and surrounding bone can contribute to the gen-

eration of severe stress concentrations, such as load shielding from natu-

ral bone, which can weaken the bone and deteriorate the implant/bone 

interface, causing implant loosening and failure [44]. The juvenile mod-

uli of biomaterials are compared in Figure (2.4) [45]. The modulus of 

any biomaterial is a key consideration [43, 44]. 
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Figure (2.4): Relationship between tensile strength and Young’s modulus 

for some typical biomaterials [45]. 
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2.4 Failures of implant devices 

           Metallic orthopedic implants are often used as components of recon-

structive devices (e.g. hip or knee joint replacement) or fracture fixation 

products in the skeletal system of a person (e.g. plates, screws and nails). 

The design of these implants is governed and limited by the architecture 

and physiology of the human body's skeletal structure [46].  The mechan-

ical and chemical stability of implant materials, as well as their biocom-

patibility in the milieu of tissues and bodily fluids, are critical for the ef-

fective treatment of bone fractures and replacements [30]. 

         Corrosion is the major problem affecting the service life of orthopae-

dic implants. Adding inhibitors, changing the pH of the electrolyte and 

its composition, lowering temperature, adding protective coatings, 

providing electrical current, and other methods are used in industry to 

regulate this phenomenon. Unfortunately, most of these techniques are 

ineffective for orthopaedic implants since the bodily environment is set 

and cannot be changed without causing biological effects [46]. Figure 

(2.5) [30] graphically depicts the different reasons for revision surgery as 

well as the primary remedies. 

         Tissue reactions to biomaterials can be divided into four categories [40]: 

• The material is toxic, and the surrounding tissue dies. 

• The material is nontoxic and biologically inactive. 

• The material is nontoxic and active, and the tissue bonds with it. 

• The material is nontoxic and dissolves, and the surrounding tissue re-

places. 
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Figure (2.5): Various causes for failure of implants that leads to revision 

surgery, footed with a proposed system for better performance [30]. 
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2.5 Corrosion of Orthopedic Implants 

    Orthopedic implants include both temporary implants such as plates and 

screws and permanent implants that are used to replace hip, knee, spinal, 

shoulder, toe, finger etc. The corrosion mechanisms that occur in temporary 

implants are crevice corrosion at shielded sites in screw/plate interface and 

beneath the heads of fixing screws and pitting corrosion of the implants 

made of SS [47]. Types of corrosion in biomaterial implants made of con-

ventional materials as shown in Table (2.2) [9].  

     Wear is the main cause of orthopedic implant failure, which in turn is 

found to accelerate the corrosion.  As a result, high wear resistant materials 

like ceramics and Co-Cr are frequently used to make orthopedic implants . 

Only Ti-based alloys are utilized in hip implants for the femoral compo-

nent, whereas the ball  is constructed of Co-Crr or other strong ceramics 

[48]. The type and distribution  of corrosion products produced into the 

body by these orthopaedic implants, on the other hand, continues to be a 

major concern [39]. As a result, metallic biomaterials' corrosion resistance 

is critical. Titanium and its alloys, unlike many other materials, corrode ei-

ther rapidly or slowly, depending on the environment [49]. Titanium and 

titanium-based alloys are utilized extensively in biomedical and dental ap-

plications, as previously stated. This is due in part to the native titanium di-

oxide layer that shields the metal from further oxidation [50], which pro-

vides stability and corrosion resistance.       

    The major consideration when designing and selecting metals and alloys 

for in vivo use is corrosion. During corrosion processes, allergenic, toxic / 

cytotoxic, or carcinogenic species (e.g., Ni, Co, Cr, V, Al) may be released 

into the body [51].  
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Table (2.2): Types of Corrosion in the Conventional Materials Used for Bi-

omaterial Implants [9]. 
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2.6 Wear resistance 

       The  damage to a solid surface,  generally involving progressive loss of  

material, due to relative motion between that surface and a contacting sub-

stance or substances is wear [52]. The type of materials utilized, lubricant, 

contact pressures, surface hardness  and roughness , fretting / sliding / roll-

ing velocity,  number of application cycles, and  environment are all said to 

affect wear mechanisms in biomedical implants. 

     The abrasion and wear resistance of a metallic biomaterial determines its 

service life . Incompatible metal ions are released into the body when the im-

plant's wear resistance is lowered, loosening the implant as depicted in Fig-

ure (2.6). Furthermore, the buildup of wear particles in tissue can cause a 

range of reactions. As a result, producing biomaterials with high wear re-

sistance is critical for extending the life of the biomaterial [32].   

    wear mechanisms for titanium alloys are roughly grouped into abrasive 

wear and adhesion wear dependent on the kind of alloy and its microstruc-

tures. However, the wear resistance is altered according to the testing condi-

tions. Based on friction wear tests at various loads [53].  

 

Figure (2.6): Wear of implant [31]. 
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2.6.1 Classification of wear mechanisms 

      Wear can occur in biomedical applications such as implants through five 

major mechanisms, as shown in Figure (2.7) [41]: 

 

Figure (2.7): Schematic representations of wear mechanisms in biomedical 

implants: (a) abrasive wear; (b) adhesive wear; (c) oxidative wear; (d) fret-

ting wear; (e) fatigue wear in metal-on-metal mode (1) and metal-on-coating 

mode (2), respectively [41]. 

1. Abrasive wear:  happens when a hard, rough surface slides across a softer 

surface, causing material loss mostly on the latter. The two most common 

abrasive wear modes are two-body and three-body abrasive wears [54]. 

2. Adhesive wear:  occurs when two solid surfaces in close proximity move 

against one another under pressure [32]. It refers to the undesired dis-

placement and attachment of wear debris and material compounds from 

one surface to another between surfaces during frictional contact [39]. 

Adhesion is influenced by a variety of factors, including counterpart mate-

rial, relative velocity, contact pressure, and actual contact area are all im-

portant factors to consider. The counterpart material, relative velocity, 

contact pressure, and actual contact area are all important factors to con-

sider all have a role in adhesion. A high adhesion results in the transfer of 
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polymer to the metal surface due to the strong affinity between metals and 

carbon or hydrogen [39]. 

3. Oxidative (Corrosive) wear: When chemical processes cause an oxide 

layer to develop on a surface, corrosion occurs. This is then eliminated as 

a result of normal wear. The implant metals are vulnerable to the releasing 

particles and metal ions once the oxide layer has dissolved [39]. In oxida-

tive wear, the oxide particles combine with the metal and create a debris 

layer [32]. This form of wear is highly influenced by the environment, 

which influences the rate of development of surface oxide coatings [39]. 

4. Fretting wear: is the repeated cyclical rubbing of two surfaces over a peri-

od of time that removes material from one or both of the surfaces in con-

tact [39, 55]. Fretting wear is the damage caused by repetitive relative sur-

face motion [55]. In orthopedic applications such as hip joint prosthesis, 

fatigue wear has been recognized as one of the primary issues related with 

implant failure as shown in Figure (2.8)  [55]. 

 

Figure (2.8): Fretting fatigue of (A) hip implant and (B) bone plate 

[55]. 
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5. Fatigue wear: cyclic loading degrades the surface of a material, caus-

ing surface cyclic shear stresses or strains to exceed the material's fa-

tigue limit [39].  It is produced when the wear particles are detached 

by cyclic crack growth of micro cracks (either superficial cracks or 

subsurface cracks) [39]. 

 

2.7 Metallic Biomaterials  
 

      Metallic materials can be considered as the most significant engineering 

materials; they are utilized as biomaterials owing to their high heat conduc-

tivity and mechanical characteristics [56]. The fundamental feature required 

of a metal as biomaterial is that it does not elicit an unfavorable reaction 

when placed into services, that means to be a biocompatible material [57]. 

     For load-bearing implants and inner fixing systems, metallic materials 

are the most frequently used. The primary functions of orthopedic implants 

systems are to restore the load-bearing joints function that undergo to ele-

vate levels of mechanical stress, wear, and fatigue during ordinary activity 

[37].  Important orthopedic implants are prostheses for ankle, knee, hip, 

shoulder, elbow joints and also need equipment like cables, screws, plates, 

pins, etc. that used in the fixation of fracture [58]. 

     Metals are powerful, and most of them are capable to be formed into 

complicated forms. During or after final formation, the required mechanical 

characteristics of metals can be accomplished by heat and mechanical pro-

cessing. In addition, the correct treatment of components produced from 

chosen metal compositions can achieve a degree of corrosion and wear re-

sistance. The high tensile strength, high yield strength, fatigue resistance 

and corrosion resistance are some of the features of metallic materials [48]. 

 



Chapter Two                Theoretical Part and Literature Review 

 

 
25 

2.7.1 Titanium alloys 

      After aluminum, iron, and magnesium, titanium has been known as a 

chemical element for about 220 years, and its abundance in the earth's crust 

ranks fourth among metals. It is described as a black, refractory metal 

(melting temperature: 1668 °C) in most references [59]. Titanium comes in 

two different allotropic forms. It possesses a closed packed hexagonal crys-

tal structure (HCP) at low temperatures in α phase, and a body centered cu-

bic structure (BCC) at 883oC in β phase [60].  

   Titanium and its alloys have distinct benefits over steels in medicine, in-

cluding low weight, strong corrosion resistance to a variety of hostile envi-

ronments, low density, low thermal conductivity, non-magnetism, pro-

cessing workability, and other properties that make it a highly appealing 

material [61].  Table (2.3) shows mechanical properties of Ti-alloys [7]. 

Table (2.3) : Comparison of mechanical properties of Ti and its alloys [7]. 

Alloy Designation Microstruc-

ture 

Young’s 

Modulus 

(GPa) 

Yield 

Strength 

(MPa) 

Ultimate 

Tensile 

Strength 

(MPa) 

Cp-Ti α 105 692 785 

Ti-6A1-4V α/β 110 850-900 960-970 

Ti-6Al-7Nb α/β 105 921 1024 

Ti-5Al-2.5Fe α/β 110 914 1033 

Ti-5Al-5Fe Metastable β 74-85 1000-1060 1060-1100 

Ti-15Mo-5Zr-3Al Metastable β 75 870-968 882-975 

Aged β+α 88-113 1087-1284 1099-1312 

Ti-15Mo-2.8Nb-3Al Metastable β 82 771 812 

Aged β+α 100 1215 1310 

Ti-13Nb-13Zr α/β 79 900 1030 

Ti-15Mo-3Nb-0.3O 

(21SRx) 

Metastable 

β+silicide 

82 1020 1020 

Ti-35Nb-7Zr-5Ta Metastable β 55 530 590 

Ti-35Nb-7Zr-5Ta-

0.4O 

Metastable β 66 976 1010 
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    The modulus of elasticity of titanium and its alloys is closer to that of 

bone than the moduli of stainless steels and cobalt-based alloys, thus the 

concern over stress shielding is reduced [35]. Comparison of modulus of 

elasticity of biomedical Ti-alloy as shown in Figure (2.9) [35]. Because of a 

TiO2 solid oxide layer, the principal features of Ti alloys have resulted in 

them being one of the most popular options in biomedical applications. On 

the other hand, have poor tribological characteristics due to their low re-

sistance to plastic shearing, low work hardening, and lack of surface oxide 

protection [57].  This titanium surface oxide layer, which is generally a few 

nanometres thick, has high passivity and resistance to chemical attack [62]. 

Titanium and its alloys have a high price, as well as a high vulnerability to 

friction and wear, due to the coarse microstructure of cast alloys (as shown 

by a high coefficient of friction), poor shear strength, low fatigue strength, 

and limited elongation compared to wrought alloys. As a result, additional 

microstructural modification is frequently necessary to increase mechanical 

properties while preserving the shape of the product [63]. 

 

Figure (2.9): Comparison of modulus of elasticity of biomedical Ti-alloy 

[35]. 
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2.7.1.1 Classification of Ti-alloys 

       There are many classifications for titanium alloys according to [64]: 

• The method of obtaining - deformable and molded. 

• Mechanical properties - alloys with low strength and high ductility, 

tensile alloys with medium and high strength alloys. 

• The terms of application - cold resistant, refractory and corrosion. 

• The ability to hardening with the use of thermal processing strength-

ened and non – strengthened. 

• The microstructure in annealed condition alpha and alpha near alloys 

(the structure is fully alpha or 5% beta phase), alpha - beta and beta 

alloys (the structure is a stable beta phase). 

    Differences in mechanical properties of different brands technically pure 

titanium are mainly due to the different maximum levels of the elements 

forming interstitial solid solution - mainly oxygen and besides him and car-

bon, hydrogen, and nitrogen. The latter is the most effective element of a 

reinforcing titanium alloy, followed by oxygen [64]. 

   Alloying elements can be generally classified as alpha (α) or beta (β) sta-

bilizers. Depending on the nature of the alloying components, the to transi-

tion temperature of pure titanium rises or lowers [65]. Stabilizers are alloy-

ing elements such as (Al, O, N, etc.) that tend to stabilize the α phase, while 

elements that stabilize β phase are known as β stabilizers (V, Mo, Nb, Fe, 

Cr, etc.) and Hafnium and zirconium are unique in that they are isomor-

phous with both the α and β phases [60]. In Figure (2.10) Influence of im-

purities and alloying elements on α to β transformation temperature is 

shown [60].  
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Figure (2.10): Influence of impurities and alloying elements on α to β trans-

formation temperature (Tβ) of titanium: a) and b) additives lower the Tβ 

temperature; c) and d) additives increase the Tβ temperature [60]. 

2.7.1.2 Ti-6Al-7Nb alloy  

      Ti-6Al-7Nb is one of the Ti-alloys composed of a hexagonal α phase 

(stabilized by aluminum) and a regular body-centered phase β (stabilized by 

niobium) [66]. The shape and fractional volume of the phases present in the 

alloy are largely determined by factors collected during the production pro-

cess [67]. The Ti-6Al-7Nb alloys have fatigue and tensile strengths that are 

comparable to or better than those of Ti-6Al-4V, although their Young's 

modulus values are somewhat lower than Ti-6Al-4V [68]. Higher corrosion 

and wear resistance of Ti-6Al-7Nb compared to Ti6Al4Vaalloyiis attributed 

to theeformationoofnNb2O5,wwhichsis chemically more stable, less soluble, 

and  more biocompatible compared tocV2O5fformedoon Ti6Al4Vaalloy, 

The inclusion of Nb improves passivation by forming a Nb rich pentoxide  
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that is extremely stable in the body environment, resulting in increased re-

sistance of corrosion [26]. Ti-6Al-7Nb oxides are saturated in the body and 

are not transferred in vivo or a bioburden. The alloy causes fewer large cell 

nuclei and has no deleterious tissue tolerance responses [69]. In addition, 

Ti-6Al-7Nb has a good compatibility with human ingrowth [68]. 

2.7.2 Biomedical application of Ti-alloys  

       Due to its high biocompatibility, little response to surrounding tissues, 

and good corrosion resistance, titanium alloys are frequently utilized as bi-

omaterials.  The various implant applications In both, medical and dental 

fields, that include in artificial hip and knee joint replacements and dental 

implant prosthesis [70]. 

2.7.2.1 Orthopedic application 

    Orthopedic implants include both temporary implants such as plates and 

screws and permanent implants that are used to replace hip, knee, spinal, 

shoulder, toe, finger etc. These are being used in different fields in ortho-

paedics: fracture repair, total hip and knee arthroplasty [9]. 

2.7.2.1.1 Hip replacement  

    Because the spherical head of the thighbone (femur) moves inside the 

cup-shaped hollow socket (acetabulum) of the pelvis, the hip joint is re-

ferred to as a ball-and-socket structure. A complete hip replacement gener-

ally includes three components to approximate this anatomy [13, 71]: 

1. Stem that fits into the femur.  

2. Ball that replaces the spherical head of the femur.  

3. Cup that fits into the worn-out acetabulum.  

hip implants are composed of high-performance metal alloys, Specifically, 

the stem is usually made of Ti-6Al-4Vior Ti-6Al-7Nbe alloys used only for 

making the femoral component [71], as shown in Figure (2.11) [72]. 
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Figure (2.11): Normal hip vs. Arthritic hip [72]. 

2.6.2.1.2 Knee replacement 

     knee can be simply considered as a hinge joint. In reality, it includes 

more complicated motions like rolling and gliding (TKR) as shown in Fig-

ure (2.12) [58]. all of them are composed of three parts [13, 58]:  

1. Curved femoral component to replace the lower end of the thighbone. 

2. Flat tibial component to replace the top surface of the shinbone. 

3. Dome-shaped patella component to replace the kneecap. 

  

Figure (2.12): Total Knee Replacement [58]. 
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2.6.2.2 Dentistry application 

    Titanium and its alloys are also used for dentistry devices such as im-

plants, crowns, bridges, overdentures, and dental implant prosthesis com-

ponents (screw and abutment) [70]. When bone forming cells attach them-

selves to the titanium implant, a structural and functional bridge forms be-

tween the body’s bone and the newly implanted, foreign object. There are 

three types of dental implant [70, 73] as shown in Figure (2.13) [70]:  

1. Osseointegrated: as a direct bone-to-implant contact and later on it is de-

fined on a more functional basis as a direct bone-to-implant contact un-

der load. 

2. Mini-implant for orthodontic anchorage used generally to secure anchor-

age in contemporary orthodontic treatments   

3. Zygomatic.  

Each group requires unique mechanical characteristics and must be con-

structed from titanium alloy [74]. Ti-6Al-7Nb alloy is preferred for endosse-

ous dental implant applications commercially [73]. 

 

Figure (2.13): Types of dental implants : (a) Examples of Commercial Den-

tal Implant Designs, (b) an Orthodontic mini-implant for Anchorage Appli-

cation, and (c) A zigomatic Implant [70]. 

 (a) (b) (c) 
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2.8 Surface Modification of Ti-alloys  

     Surface modifications of biomedical implants are common to improve 

corrosion resistance, wear resistance, surface texture, and biocompatibility 

[75]. All altered surfaces should be tested for corrosion behavior in addition 

to improving other desirable properties .AA thorough understanding of the 

interactions that take place at the atomic level between the surface of the 

implant, the host, and the biological environment, including all types of mi-

cromotions of the implants kept inside the human system, should be studied 

in greater detail in order to obtain implants that can sustain for a longer pe-

riod in the human system [76]. 

     The material surface plays an extremely important role in the response 

of  biological environment  to the artificial medical devices [77]. Surface 

modification does more than simply change the appearance of the surface;  

it also enhances adhesion properties, micro cleaning, functionalization of 

amine, and biocompatibility [78]. Many types of surfaces may be created 

using the surface modification approach to control correct biological re-

sponse in a specific cell/tissue scenario, with the goal of reducing healing 

time and limiting harmful reactions [79]. 

    Because titanium and its alloys have poor tribological properties, such as 

low wear resistance, the implant's service life is shortened. Surface coatings 

can help to solve this problem to a considerable extent. Surface engineering 

can significantly improve the performance of titanium orthopedic devices, 

allowing them to outperform their inherent capabilities [80].  

   All possible surface changes can be generally categorized as follows [81, 

82]. Some examples of surface modification processes: physical and chemi-

cal method, laser cladding, thermal oxidation, plasma spray, and ion im-

plantation as shown in Table (2.4) [11]. 
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Table (2.4): Overview of surface modification methods for Ti and its alloys 

[11]. 

Surface modification 

methods 

Modified layer Objective 

Mechanical methods 

Machining  

Grinding 

Polishing 

Blasting 

 

Rough or smooth surface 

formed by subtraction process 

 

Produce specific surface 

topographies; clean and 

roughen surface; im-

prove adhesion bonding 

Chemical methods: 

Acidic treatment  

Alkaline treatment 

 

 

Hydrogen peroxide 

treatment  

 

Sol–gel   

 

 

Anodic oxidation  

 

 

CVD 

 

<10 nm of surface oxide layer. 

~1 µm of sodium titanate gel. 

 

 

~5 nm of dense inner oxide and 

porous outer layer. 

 

~10 µm of thin film, such as 

calcium phosphate, TiO2. 

 

~10 nm to 40 µm of TiO2 layer.  

 

 

~1 µm of TiN, TiC, TiCN, dia-

mond and diamond-like carbon 

thin film. 

 

Remove oxide scales.  

Improving biocompati-

bility, bioactivity or 

bone conductivity 

Improve biocompatibil-

ity, bioactivity or bone 

conductivity. 

improve biocompatibil-

ity, bioactivity or bone 

conductivity 

Produce specific surface 

topographies, improved 

corrosion.  

Improve wear re-

sistance, corrosion re-

sistance and blood com-

patibility. 

Biochemical methods Modification through silanized Induce specific cell and 
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titania, photochemistry, self-

assembled monolayers, protein-

resistance, etc. 

tissue response by 

means of surface-

immobilized peptides, 

proteins, or growth fac-

tors 

Physical methods 

Thermal spray 

Flame spray  

Plasma spray  

HVOF and DGUN 

 

~30 to 200 µm of coatings, such 

as titanium, HA, calcium sili-

cate, Al2O3, ZrO2, TiO2. 

 

Improve wear re-

sistance, corrosion re-

sistance and biological 

properties 

PVD 

Evaporation   

Ion plating 

Sputtering 

 

~1µm of TiN, TiC, TiCN, dia-

mond and diamond-like carbon 

thin film 

 

Improve wear re-

sistance, corrosion re-

sistance and blood com-

patibility 

Ion implantation and 

deposition 

Beam-line ion 

implantation 

PIII 

 

 

~10 nm of surface modified 

layer and/or ~µm of thin film 

 

 

Modify surface compo-

sition; improve wear, 

corrosion resistance, 

and biocompatibility 

Glow discharge 

plasma treatment 

~1 nm to ~100 nm of surface 

modified layer 

Clean, sterilize, oxide, 

nitride surface; remove 

native oxide layer 

2.8.1 Hydroxyapatite (HA)      

      Hydroxyapatite (HA) is calcium phosphate ceramic material that has 

been used for manufacturing various forms of implants. The inorganic por-

tions of the human bone and teeth have a morphology and composition that 
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is extremely like that of the inorganic sections of the human bone and teeth. 

HAp was commonly utilized in biomedical applications due to its excellent 

osteoconductivity, biocompatibility and bioactivity [83]. 

2.8.1.1 Crystal structure and phase of HA 

     Because the Ca:P ratio of calcium phosphate is 10:6, it can crystallize 

into salts like hydroxyapatite [Ca10(PO4)6(OH)2] and β-whitlockite shown in 

Figure (2.14) [26]. The atomic structure of hydroxyapatite is projected 

down the c-axis onto the basal plane. The hydroxyl ions are found on the 

corners of the projected basal plane at equidistant intervals (3.44Аo) along 

the columns perpendicular to the basal plane and parallel to the c-axis. Sixe 

of the ten calcium ions in the unit cell are associated with the hydroxyls in 

these columns, resulting in strong interactions among them [26].  

 

Figure (2.14): Hydroxyapatite structure projected down the c-axis onto the 

basal plane [26]. 

 

2.8.1.2 Properties of HA 

     HA has Attractive properties of HA such as lack of toxicity and high 

elastic modulus as shown in Table (2.5) [46]. During stress shielding, the 

pressure placed on the implant during movement is transferred through the 
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rigid implant rather than the bone, resulting in cortical bone atrophic loss 

[84]. HAp appears to forma direct chemical bond with hard tissues [46]. 

One of the main constraints of HAp is its low fracture toughness compared 

to compact cortical bone which means that HAp behaves as a relatively 

brittle material [85]. 

Table (2.5):  Mechanical properties of bone VS. HAp [46]. 

Mechanical properties Cortical bone HAp 

Compressive strength, MPa 100-230 120-900 

Tensile strength, MPa 50-150 38-300 

Fracture toughness, MPa.m1/2 2-12 1 

Young’s/Elastic modulus, GPa 18-22 35-120 

Density, g/cm3 2.9-3.88 3.156 

 

2.8.1.3 The HAp coating  

     This coating of HAp coating improves the bone/implant bonding charac-

teristics and boosts the substrate's corrosion resistance. Because the compo-

nents comprise the primary inorganic element of the bone composition, HA 

coatings have a close composition match with that of the bones. These coat-

ings promote osseointegration by allowing for rapid and selective bone in-

growth. Biocompatibility and the development of a bone/implant contact 

are both enhanced by HA [86]. 

    The bioactivity of the HAp makes it an outstanding material for the me-

tallic implants coating since it has the ability to form and grow to the sur-

rounding tissues of the bones [87]. An intimate contact between the surface 

of metallic implant and the adjacent bone tissue required for posterior bone 

growth. However, coating of the metallic implant with the HAp results in a 

fast bonding between them. Using of the HAp as coating on the metallic 
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implant combines the strength and toughness of the implant material with 

the bioactive properties of the HAp coating layer that can promote the sur-

rounding bone tissue growths and future chemical bonding formations. 

Moreover, the existence of the HAp can enhance the corrosion resistance of 

the implant in the human body, thus reducing the release of metallic ions 

and promoting fixation through chemical bonding [88]. 

 

3.8.1.4 Advantages of HAp  

      The advantages of HAp coatings applied to implant surfaces are numer-

ous. Such coatings appear to shorten the time, it takes for metallic implants 

to osseointegrate [22].  

1. High biocompatibility. 

2.  High bioactivity. 

3. There is no fibrils connective tissue forming around the implant, iso-

lating it from the bone. 

4. Osseointegration even in the presence of implant-bone micromotion. 

5. The formation of a strong tensile connection between the implant and 

the bone.  

6. Reduction of pain after operation. 

7. Earlier implant loading after healing phase possible. 

8. Variable metallic substrates possible . 

9.  Variable surface structures possible, including mesh, artificial spon-

giosa, porous coatings and roughened surfaces. 

10.  Thickness of HAp coating depending on application. 

11. Rarely problems with delamination and spalling in vivo. 

12.  Reduced or even completely alleviated release on metallic ions to 

the surrounding tissue.  

13. High dissolution/resorption resistance in contact with body fluid  

14.  Quality control and standard according to ASTM. 
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2.8.1.5 Applications of the HAp  

    The HAp has a broad range of applications in bone and tooth repairing as 

shown in Figure (2.15) [89]. Because of its resemblance to the human bone 

and teeth, HAp regards a perfect candidate for [26]: 

a. Hard tissue repair, such as: 

1. Powders or granules for bone and tooth defect filling. 

2. Particles as the component for toothpastes and bone cements . 

3. Small and unloaded implants, such as in the middle ear. 

4. biocompatible and bioactive coatings on metal components. 

5. Femoral plugs in total hip replacement. 

b. Soft tissue repairs, such as: 

1. Support the healing of skin wounds. 

2. Therapy or prevention of nerve injury. 

3. HAp bioceramics contact tightly and adhere strongly with skin tissue to 

prevent exit-site and tunnel bacterial infection. 

 

Figure (2.15): Micro-textured and HAp-coated acetabulum cups and femo-

ral stem of hip surgery implants [89]. 

2.8.2 Zirconia (ZrO2) 

    Zirconia is an inert bioceramics materials. High density ZrO2 shows ex-

cellent compatibility with autogenous bone and is completely nonreactive 

[90]. ZrO2 shows excellent biocompatibility and good wear and friction 
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properties, making it suitable for application in biomedical materials [26]. 

Because of the transformation toughening mechanisms acting in their mi-

crostructure, ZrO2 ceramics offer several advantages over other ceramic 

materials that may be exhibited in components constructed of them [90].  

2.8.2.1 Crystal structure and phase of ZrO2 

     ZrO2 is an extremely capable ceramic exists in three polymorphic forms 

at ambient pressure: monoclinic at <1,170 ºC, tetragonal at 1,170–2,370 ºC 

temperature range; and cubic at >2,370 ºC, until it melts at 2,706 ºC [91]. 

Pure ZrO2 can be obtained from chemical conversion of (ZrSiO4), which is 

an abundant mineral deposit. a = 5.145 Аo, b = 0.521 Аo, c = 5.311 Аo, and 

β = 99.14o.  

2.8.2.2 Properties of ZrO2 

      ZrO2 posses a unique combination of physicochemical properties, such 

as [90]. 

1. biocompatibility and bioactivity: Zirconia is biocompatible and stim-

ulates osteogenic cell proliferation and differentiation . 

2. Osseointegration: numerous studies have shown that bone attachment 

to ZrO2 surfaces and the development of a direct contact between 

bone and zirconia is equivalent to or even better than titania implants . 

3. radiopaqueness: this makes it visible in radiographs, allowing for 

monitoring of its function . 

4.  mechanical strength and toughness: that is ascribed to the   transfor-

mation toughening mechanism of ZrO2 ceramics. 

The properties of ZrO2 are shown in Table (2.6) [22].  
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Table (2.6): Mechanical characteristics of commercially available zirconia 

[22]. 

Properties Range 

Density (Mg/m3) 6.05-6.09 

Vickers hardness (HV) 1200-1300 

Young's Moduluos 150-210 

Compressive strength (MPa) ˃2000 

Tensile strength (MPa) ˃650 

Flexural strength (MPa) 900-1300 

Fracture toughness (MN/m-3/2) 7-9 

2.8.2.3 ZrO2 coating 

       Various zirconia ceramics are now used in modern bone replacement 

and repair applications as orthopedic implants, thin films and coatings on 

other metallic implants, porous bone scaffolds and bone graft materials, and 

bone cements and spinal stabilization devices [89]. ZrO2 are usually encap-

sulated with a thick fibrous tissue after their in vivo implantation, leading to 

possible aseptic loosening of the implants. It has been accepted that no for-

eign material placed within a living body is completely compatible [22]. 

2.8.2.4 Application of ZrO2 

      ZrO2 is one of the strongest ceramic materials suited for medical appli-

cations. Under typical laboratory hip simulation circumstances, ZrO2 femo-

ral balls articulated for hip prosthesis have been described [3].  Further-

more, as demonstrated in Figure (2.16) [90], zirconia is exceptionally hard 

and has good mechanical characteristics for hip replacements, knee re-

placements, teeth, tendons and ligaments, periodontal disease repair, and 

bone fillers following tumor surgery. ZrO2 has a wide range of applications 

[90]: 
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1. In reconstruction of acetabular cavity. 

2. as bone plates and screws. 

3. As drug delivery devices.  

4. As femoral heads. 

5. As middle ear. 

6. In the reconstruction of orbital rims.  

7. As components of total and partial hips. 

8. In the repair of the cardiovascular area. 

 

 

Figure (2.16): Biomedical uses of zirconia ceramics in modern bone re-

placement and repair applications [90]. 

2.9iMicro-ArccOxidationn (MAO) process 

    Micro-arc oxidation (MAO) is an electrochemical surface treatment pro-

cess to produce oxide protective coatings on some metals [92]. MAO can be 

regarded as a developed method from anodic oxidation by discharging 
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sparks at a high voltage which is also named anodic spark oxidation or 

plasma electrolytic oxidation [93]. Many metals, including Ti, Al, Zr, Mg, 

and others, can be coated with ceramic coatings using this approach. The 

sample is employed as an anode and submerged in an aqueous solution with 

a reasonably high voltage during the MAO process, as illustrated in Figure 

(2.17) [92].  This voltage must be greater than the produced oxides break-

down limit. As a result, sparking occurs often on the surface of treated sam-

ples, resulting in less homogeneous and porous oxide coatings [93]. 

 

Figure (2.17): Schematic diagram of the micro-arc oxidation (MAO) pro-

cess [92]. 

 

    MAO is often performed in an aqueous electrolyte, which necessitates 

rapid bath cooling and results in the development of a coating containing 

contaminants from the electrolyte [93]. The comparison between MAO and 

hard anodizing methods is given in Table (2.7) [94]. Process factors such as 

applied voltage, frequency, processing time, and electrolyte composition 

may all be adjusted to influence the creation and characteristics of coatings . 
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One of the coatings generated in several electrolytes has high mechanical 

characteristics as well as bioactivity [86]. The composition of the electro-

lyte and the electrical parameters of the MAO process done with a pulsed 

DC power supply have a significant influence on the structural characteris-

tics of the produced coatings [95]. 

Table (2.7):  Comparison of MAO with hard anodizing methods [94]. 

Process MAO Hard anodizing 

Voltage and current 

density. 

High voltage and current 

density. 

Low current and voltage 

density. 

Rate of deposition Quick (1~2μm/min) Low (~0.3μm/min) 

Mechanism of 

Oxidation 

Plasma chemical reac-

tions and chemical / elec-

trochemical reactions. 

Chemical / electrochemi-

cal reactions. 

Coating on selected al-

loys. 

Practical for different 

types of Al, Mg, and Ti 

alloys. 

Practical for different 

types of Al, Mg, and Ti 

alloys. 

Microstructure Crystalline phase / inner 

dense film, amorphous, 

and outer porous film. 

Very thin barrier, amor-

phous/columnar porous 

film. 

Relatively (corrosion 

resistance) 

Excellent Good 

Hardness High (~1600HV) Low (600HV max) 

Relatively (wear re-

sistance) . 

Stellar Fair 

Thermal protection Excellent Good 

Dielectric strength Stellar Fair 
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2.9.1 Principle of MAO process 

    The detailed mechanism of MAO process has not yet been revealed; 

however, most investigators agree that during each alternating current (AC) 

period several principal stages occur [96]:  

Stage I: The voltage approaches the breakdown voltage, it increases rapidly 

and linearly as shown in Figure 2.18 (a) [96] some small oxygen bubbles 

and an oxide layer on the sample surface, which corresponds to the conven-

tional anodizing step. 

Stage II: Dielectric breakdown occurs when the applied voltage surpasses a 

certain point, leading in the production of spark discharges. The current 

flow focuses exclusively in regions of breakdown at this step, resulting in 

localized oxide layer thickening. The newly created coating can restore cur-

rent flow resistance, whereas other areas with lower resistance are more 

prone to collapse as shown in Figure 2.18 (b) [96]. It’s showing a stage 

when a shrill sound is accompanied by a large number of tiny white sparks 

that are randomly dispersed and rapidly traveling across the whole anode 

surface. 

Stage III: The cell potential fluctuates due to the continual production and 

breakdown of the oxide layer. The immediate production of ceramic oxide 

coating is enabled by gasification of both the valve metals and the electro-

lyte. The coating breaks down at a susceptible location in the developing 

oxide sheet. The discharge sparks become larger as the processing time in-

creases, and their hue changes from white to orange or red. It shows how 

the micro-arcs convert into strong arcs in this location as shown in Figure 

2.18 (c) [96]. 

Stage IV: The huge pores and thermal breaking of the film are caused by 

the strong sparking and gas release. The voltage drops fast together with the 

absence of sparks and gas bubbles, indicating the conclusion of the MAO 
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process. The MAO coating has a two-layered design, with a barrier inner 

layer and a porous outer layer with many fine and coarse cavities. The coat-

ing thickness ranges from 1 to 100 meters as shown in Figure 2.18 (d) [96]. 

 

Figure (2.18):  Schematic illustration of the plasma discharge during differ-

ent stages of the MAO process. (a) Stage I, (b) stage II, (c) stage III, and (d) 

stage IV [96]. 

    So far, the mechanism of MAO has remained a mystery, making it im-

possible to develop a precise theory to guide the functioning. The presence 

of an electrical breakdown throughout the operation is acknowledged, and 

the breakdown mechanism is based on the solid liquid contact. A thermal 

electron emission process was proposed as the cause of the discharge along 

the dielectric surface . believed that an electron current forms along the die-

lectric's surface as a result of the tunnel effect and impurity ionization [97]. 

2.9.2 Advantage of MAO process 

1. The MAO has provided ceramic coatings that are extremely hard and 

resistant to multiple exposures over the last decade; such coatings 
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have excellent adhesion and hardness with the surface of treated met-

al due to an intermediate film between coatings and metal, depending 

on future and purpose operational conditions of parts [98]. 

2.  Technique has great substrate bonding strength, controlled shape, 

and high composition quality [99]. 

3. Coatings with thicknesses varying from fractions to several microme-

ters may be created using this technique, obtaining a variety of char-

acteristics; it's also possible to treat tough components because to the 

electrolyte's strong dissipation capacity, and to form numerous coat-

ings on one material [98]. 

4. Improvement the bioactivity and biocompatibility of Ti-alloys by im-

proving corrosion and wear resistance, inhibiting the release of harm-

ful ions. As a result, the MAO technique is largely employed in bio-

medical applications and bone proliferation [92]. 

5.  MAO films have high dielectric characteristics and photocatalytic 

performance, and MAO technology is used in the electronics and en-

vironmental protection industries [97]. 

2.9.3 Disadvantage of MAO process  

1.  Due to the expensive cost of MAO and low processing rate and high 

energy cost would limit its use in the industrial business [98]. 

2. The thickness of the MAO layer is not homogeneous due to the limi-

tation of geometry [98]. 

3. MAO of metals is a complicated process that combines many frac-

tional oxides layer generation methods (dissolution of preexisting 

layer, anodic gas evolution and dielectric collapse). The possibility of 

predominance for which of these fractional techniques was deter-

mined by the metal's complexion, the components and concentration 

of the electrolytic solution, as well as the current density [100]. 
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2.9.4 Application of MAO process 

Applications of MAO processes in specified descriptions could be subdi-

vided to:  

1. Chemical Applications: At mid-levels temperature, it resists strong 

acid and bases [101].  

2. Mechanical Applications: Oxide layers deposited by MAO process 

have higher harness than 1300 kg/mm². This elevated hardness val-

ues is among aspects that increase abrasive, sliding, and erosive wear 

resistance. The friction coefficient's efficiency makes it useful in op-

erations with minimal lubrication [101].  

3. Thermal Applications: Thermal inductivities of oxide films are lower 

than those of other materials, which make them could be used for 

providing the same distribution of heat and so they could be used for 

increasing thermal shocks resistance [101].  

4. Electronic and Electric Applications: It may be used as an insulator 

layer on electric and electronic components, making it ideal for in-

ner-region hard coatings (for cavital cylindrically regions, or conical) 

[94]. 

5. Medical Application: MAO treatment improves biocompatibility, bi-

oactivity, and antibacterial characteristics in dental and orthopedic 

implants [81]. 

2.9.5 Factors influence on MAO process 

      The chemical compositions,  morphologies, and microstructures of 

MAO-produced coatings are influenced by MAO parameters such as alloy 

compositions, electrolyte,  temperature, time, voltage, duty cycle, and cur-

rent density [102].  
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1. Substrate’s composition: The substrate composition has an impact on 

the components and features of MAO coatings. MAO stands for met-

al-oxide.  It is based on anodic oxidation in electrolytic solution and 

the application of a voltage that is greater than the collapse voltage of 

the developing oxide layer on the surface, with different surfaces 

coated producing different properties and applications [103].  

2.  Choice of electrolyte: The concentration has a significant impact on 

the morphological features, porosity, thickness, corrosion resistance, 

and biocompatibility of MAO coatings [102,104]. Different types of 

electrolytic solutions can be used in MAO process as shown in Table 

(2.8) [104]. 

Table (2.8): Various types of electrolytic solution [104]. 

Process 
 

Purpose 
 

Carbonization such as (K2CO3, 

C3H5(OH)3, Na2CO3) 
 

Increase wear resistance, fatigue 

strength, and hardness of coating.  
 

Nitriding such as (NaNO3) 
 

Increase wear and corrosion re-

sistance, fatigue strength, and 

hardness of coating. 
 

Nitriding + saturation with bo-

ron (NaNO2, Na2B4O7) 
 

Increase corrosion resistance, and 

hardness of coating. 
 

Carbonization + nitriding 

(C3H5(OH)3, Na2NO2) 
 

Increase wear resistance, and 

hardness of coating. 
 

Binding such as (NaOH, KOH) 
 

Increase the electrolyte conduc-

tivity, and wear resistance. 
 

Carbonization + saturation with 

boron (NaNO2,Na2B4O7) 
 

Increase wear resistance, and 

hardness of coating. 
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3. Voltage: one of the most important electrical parameters that impacts 

the characteristics of MAO coatings applied on Ti alloys [96]. Volt-

age has a significant impact on the microstructures and properties of 

MAO coatings. Constant voltage mode during MAO results in a 

freely declining current density, resulting in a very flat surface with 

negligible porosity [96, 102].  

4. Duty cycle: The ratio of on time to total period (on time  off time) is 

known as the duty cycle. The greater the duty cycle, the longer each 

cycle lasts, and the more energy is released every pulse. An increase 

in duty cycle corresponds to a longer period of current/voltage ap-

plied each cycle. On the properties of MAO coatings, the duty cycle 

has a comparable impact as the applied voltage [96,103]. 

5. Current density: In general, current density is another factor that in-

fluences the coating's microstructure and characteristics. However, 

when a constant current density is used, the strength of the spark dis-

charge increases but the number of spark discharges decreases as the 

process time increases [96, 98]. 

6. MAO duration: The effect of treatment time on the characterization 

of MAO coatings placed on Ti/Ti alloys is also an essential parame-

ter [100, 102]. 

 

Literature Review 102. 

alloys-coating by MAO of  Ti 2.1 TiO102. 

          In 2010, LIN Xiu-zhou et.al [105] studied  wear characteristics of the 

MAO coating and its Ti-6Al-4V alloy substrates using fretting wear without 

lubrication under a range of displacement amplitudes (D) from 3 to 40 m, a 

constant normal load (Fn) of 300N, and a frequency of 5Hz. The findings 

revealed that the rutile and anatase of TiO2 phases made up most of the 
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MAO coating, which had a rough and porous surface with a high hardness. 

The MAO coating might change the mixed fretting regime (MFR) and slip 

regime (SR) to a direction with lesser displacement amplitude as compared 

to the substrate. In the MFR, the friction coefficient of the coating was low-

er than that of the substrate as a result of the prevention of plastic defor-

mation by the hard ceramic surface.  

      In 2010,iZ.Q. Yao et.ali[106] enhanced the Ti surfaces used in research 

implants have a high bioactivity. MAO was used to arrange Ca/P-

containing porous titanium coatings over ultrafine-grained and coarse-

grained Ti. Following that, the thermal equilibrium duration of MAO as 

well as the segment description, shape, morphology, and microstructure of 

ultrafine grained Ti coatings were examined. 

        In 2011, Xue Han et.al [107] investigated MAO and MAH to see 

whether they might improve the cytocompatibility of a newly developed Ti-

24Nb-4Zr-8Sn alloy . Commercially pure titanium (CP-Ti) and Ti-24Nb-

4Zr-8Sn were utilized in this investigation. A two-step treatment of micro-

arc oxidation (MAO) and alkali heat treatment was used to modify the sur-

face of Ti-24Nb-4Zr-8Sn. Scanning electron microscopy (SEM), thin film 

X-ray diffraction (TF-XRD), and X-ray photoelectron spectroscopy were 

used to characterize the surfaces (XPS). In comparison to the MAO layer, 

the MAH layer featured finer crystals and a higher degree of crystallization 

and stability. To explore the influence of the varied surfaces on the bone in-

tegration property in vitro, biocompatibility research was conducted on 

treated and untreated Ti-24Nb-4Zr-8Sn in comparison to CP-Ti.  

     In 2012, SuiChengiet.al [108] studying the effects of MAO coatings on 

microstructures and factor distribution on the inner coating surface were 

explored when pure Ti was used . The findings demonstrated that as the 
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MAO period lengthens, the coating floor, which comprises of Ti, O, Si, Ca, 

and Na, grows. The rate of growth of factors information material reduces 

when the MAO time approaches ten minutes. The rate of pore length ex-

pansion and pore quantity decrease slows down as the MAO time ap-

proaches five minutes.  

      In 2013, Laís T. Duarte et.al [109]  studied the oxide layers were pro-

duced on the biocompatible Ti-13Nb-13Zr alloy, potentiodynamically up to 

8V, or by (MAO) at 300V. In a phosphate buffered saline solution, their 

electrochemical characteristics were tested (PBS). The potentiodynamically 

produced oxide films were compact and behaved as a monolayer, but the 

MAO oxide was a bilayered film, according to EIS and SEM findings 

(compact inner and porous outer layers). 

       In 2014, Leonardo C. Campanelli et.al [110] studied the  influence of 

(MAO) technique on the fatigue characteristics of Ti–6Al–7Nb and com-

mercially available materials (CP-Ti). Both polished and anodized speci-

mens of both materials were examined in axial fatigue to produce S–N 

curves, and the oxide layer was described to aid in the comparison of fa-

tigue characteristics caused by different surface conditions. The MAO tech-

nique produced extremely porous oxides with a consistent distribution of 

pores; the oxide films were made of anatase TiO2 and included no Al or 

other alloying elements. These shape, structure, and composition are de-

sired on the surface coating for improving the bonding qualities between the 

implant and the bone, hence facilitating implantation.  

       In 2015,aA.R.rRibeiroaet.al [111] investigated thefformation devel-

opment of calcium and phosphorus-doped oxide coatings on titanium sur-

faces using MAO. As a result, a nanometric-thick calcium-rich amorphous 

layer forms on the top surface of the oxide film, This is required for rapid 
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osteoblast adhesion and spreading, as well as enhanced levels of IFN-

cytokine production, rearrangement, and cell spreading. Inflammatory reac-

tions and bone microarchitecture (preventing osteoporosis) are governed by 

this protein, in addition to cell spreading.  

       In 2016,iWang Pingaet.al [112] studied deposition of TiO2 on pure Ti 

using MAO in a solution ofiNaAlO2 concentrations . Because the attention 

of NaAlO2 will rise, the voltage must be raised to sell the increased charge 

of MAO on herbal titanium. According to X-ray diffraction (XRD) studies, 

MAO coatings include rutile, and anatase. 

       In 2017, Lin Xu et.al [113] investigation increase the blood compati-

bility and wettability of ultrafine-grained natural titanium, scientists used 

the MAO approach to synthesize TiO2 on an ultrafine-grained pure titanium 

surface. Compared to the other coatings, the MAO coating exhibited a 

rougher surface, lower distilled water contact angles, and greater surface 

energy. Reduced hemolysis, longer dynamic coagulation time, prothrombin 

time (PT), and activated partial thromboplastin time (APTT), decreased 

platelet adhesion and deformation, and improved blood compatibility were 

all benefits of the MAO mutation.  The sample with the greatest surface en-

ergy, the highest PT and APTT values, the lowest hemolysis rate, much less 

platelet adhesion, a lower degree of deformation, and better blood compati-

bility had the longest oxidation duration (9 minutes). 

       In 2018, C. Wang et.al [114]  studied the characterization of  pure Ti, 

Ti-6Al-4V, and Ti-35Nb-2Ta-3Zr alloys treated in an electrolyte of sodium 

silicate using MAO technique. The results show that a nested membrane 

with a porous structure developed on its cover has better film forming prop-

erties than a Ti-35Nb-2Ta-3Zr alloy. In comparison to pure Ti and Ti-6Al-

4V, the relative concentration of anatase phase with biological activity is 
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significantly higher than that of the rutile phase, which may effectively in-

crease apatite deposition capability. Furthermore, Ti-35Nb-2Ta-3Zr exhib-

its good corrosion resistance following (MAO) process because to its dens-

er and thicker layers.  As well as the formation of the passivation film ow-

ing to the existence of Nb2O5 phase on the surface.  

       In 2019, A. Sobolev et.al [115] investigated the micro arc oxidation 

(MAO) process has been applied to produce ceramic oxide coating on Ti-

6Al-4V alloy. In an electrolyte comprising Na2CO3 and Na2SiO3, the MAO 

process was carried out using a symmetric bipolar square pulse. The impact 

of current frequency on surface shape, chemical and phase compositions, 

and corrosion resistance was investigated . Electron microscopy morphology 

and cross-sectional analysis revealed a more compacted and porous coating 

generated by increased current frequency (1000 Hz). In compared to the un-

treated alloy, this alloy had a strong corrosion resistance.   

     In 2020, A. Zakaria et.al [116] studied the influence of an electrolyte 

including trisodium orthophosphate, potassium hydroxide, and calcium flu-

oride, fluoridated hydroxyapatite was used as a biofunctional coating on 

Ti6Al4V. Using field emission scanning electron microscopy (FESEM) and 

an energy dispersive spectrometer, the coating surface and cross-section 

morphologies were studied, the species in the electrolyte solution were 

identified, and irregular micropore forms were discovered (EDS). A micro-

scratch test was used to assess the phase composition of the TiO2 coated 

surface (anatase and rutile) as well as the coating's adhesive strength. The 

bioactivity of the coating was tested using a simulated bodily fluid (SBF) 

immersion test. Result that the PEO technique has a good potential to de-

velop bio-functional surface modifications that can affect the chemical 

composition and roughness of the coating surface.          
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    In 2020, M. Dziaduszewska et.al [117] investigated of Titania-based 

formed by MAO process  on selective laser melted Ti13Zr13Nb have been  

to evaluate the impact of MAO process parameters in calcium and phos-

phate (Ca+P) containing electrolyte on surface characteristics, early-stage 

bioactivity, mechanical properties, and adhesion between the oxide coatings 

and substrate at different process parameters (voltage, current, and pro-

cessing time). All coatings were tested for surface topography, surface 

roughness, pore diameter, elemental content, crystal structure, surface wet-

tability, and early-stage bioactivity in Hank's solution. Resulted in the pre-

dictable structure, high Ca/P ratio, high hydrophilicity, and higher critical 

load of adhesion and total delamination.  

 

2.10.2 Composite and duplex coatings by MAO on Ti-alloys 

      In 2000, X. Nie et.al [118] studied efforts improvement  implant  com-

bination treatment of (MAO) and electrophoretic deposition was used to 

improve biocompatibility and durability of (Ti-6Al-4V) alloy. The electro-

lyte for micro-arc oxidation and the solution for HA electrophoretic deposi-

tion, respectively, were a phosphate salt solution and a HA powder aqueous 

suspension. It is demonstrated that an anodic MAO of titanium can produce 

a relatively thick and hard TiO2 coating that is effective as chemical barriers 

against the in-vivo release of metal ions from the implants, and that a HA 

coating incorporated on top of the TiO2 layer can be formed simultaneously 

using a combination of plasma electrolysis and electrophoresis known as a 

double layer HA/TiO2 coating on titanium alloys with HA as the top layer 

and a dense Ti. 

       In 2005, B. Sing Ng [119] studied the TiO2 coating was applied on 

Ti6Al4V by electrochemical anodisation in two dissimilar electrolytes. Af-

ter that, the secondary calcium phosphate (CaP) coating was applied by 
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immersing the substrates in a simulated bodily fluid (SBF) with a threefold 

concentration (SBF), simulating biomineralisation in biological bone. In 

SBF, electrochemical impedance spectroscopy and potentiodynamic polari-

sation measurements indicated that the anodic TiO2 layer is compact, with 

in vitro corrosion resistance up to four times that of unanodised Ti6Al4V . 

These findings indicate that by anodizing Ti6Al4V and then immersing it in 

SBF, a duplex coating consisting of a compact TiO2 with improved in vitro 

corrosion resistance and a bone-like apatite coating can be applied. 

      In 2008, Yan Li et.al [120] studied improvement osseointegration, 

there have been many efforts to modify the surface composition and topog-

raphy of dental implants. Recently, the anodic oxidation treatment of titani-

um (Ti) has attracted a great deal of attention. CaP, on the other hand, is 

frequently used as a coating material on metallic implants for rapid fixation 

and firm implant bone attachment due to its shown bioactive and osteocon-

ductive characteristics. Anodized surfaces and CaP deposition by electron 

beam evaporation were coupled in this work. On the micro-arc oxidized Ti, 

a nanostructured calcium phosphate layer was deposited. When the coated 

film was incubated in DPBS solution at 37oC, a new apatite layer devel-

oped readily. The basic fibroblast growth factor (BFGF) may be immobi-

lized in the newly created apatite layer by adding it to the DPBS solution.   

      In 2011, H. Cimenoglua et.al [121] studied the in-vitro biological reac-

tions of two competing titanium alloys (Ti6Al4V and Ti6Al7Nb) after their 

surfaces modification by (MAO) technique in a (CH3COO)2Ca.H2O and 

Na3PO4 containing electrolyte under equal electrical conditions and expo-

sure duration. The Ti6Al4V alloy's oxide layer was porous and had HA 

precipitates, whereas the Ti6Al7Nb alloy's oxide layer was grainy and con-

tained calcium titanate precipitates. The biological performance of the al-

loys was compared using simulated bodily fluid (SBF) and cell culture ex-
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periments. Despite the fact both oxidized alloys responded similarly in SBF 

tests, the number of SAOS-2 cells adhered to the oxide layer of the 

Ti6Al4V alloy was higher than the Ti6Al7Nb alloy. 

      In 2011, YU Sen et.al [122] studied a layer of porous film containing 

Ca and P was generated by MAO on Ti-3Zr-2Sn-3Mo-25Nb alloy, and then 

the NH2 active group was added to the films by activation treatment. XRD, 

SEM, EDS, and XPS were used to investigate the phase composition, sur-

face micro-topography, and elemental characteristics of the micro-arc oxi-

dation films, and the osteoinduction of the micro-arc oxidation films was 

tested using simulated body fluid immersion, in-vitro osteoblast cultivation, 

and an animal experiment. The results show that the oxide layer is a kind of 

porous ceramic intermixture and contains Ca and P. The films in the simu-

lated body fluid can induce apatite formation, resulting in excellent bioac-

tivity. 

       In 2011, Min-Ho Hong et.al [123] studied the coating  of  TiO2 and 

HA using MAO, a relatively new surface modification technique where 

thick, hard, and anticorrosive oxide coatings can be easily and cost-

effectively fabricated. The Ti alloy substrate was exposed to pulsed DC 

electricity and different voltages. Citric acid, ethylene diamine, and ammo-

nium phosphate were also used as electrolytes, which were then mixed with 

HA nanoparticles. The bonding strength, bioactivity, cell adhesion, and cy-

totoxicity were all studied in relation to the composition and applied volt-

age. The TiO2 and HA samples that were coated concurrently demonstrated 

enhanced bioactivity, cell adhesion, and viability while preserving the 

bonding strength between the coated film and substrate. 

       In 2017, In-Jo Hwang et.al [124] studied the HA coatings incorporat-

ing Zn and Si on Ti-6Al-4V alloy by PAO. The electrolyte concentration 
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determines pore size, and the particle size and number of pores increase as 

the surface and pore components become more complicated. The Zn/Si 

sample had a larger pore size than the Zn samples. The maximum size of 

pores reduced, whereas the minimum size shrank up to 10Zn/Si, and Zn and 

Si have an influence on the development of pore shape. The size of the par-

ticle tends to rise as the Zn ion concentration increases, while the number of 

particles on the surface portion decreases and the size and number of parti-

cles on the pore section increase. Zn is mostly found in the pores, while Si 

is mostly found on the surface. The crystallite size of anatase increased as 

the Zn ion concentration, whereas, in the case of Si ion added, crystallite 

size of anatase decreased. 

          In 2018, Huan-Ping Teng et.al [125] studied of HA (Sr-HAp) were 

directly generated on bulk Ti and TiN-coated substrates (PEO). PEO was 

carried out on bulk Ti in electrolytes containing (0.4M) 

Ca(CH3OOH)2.H2O and (0.2M) NaH2PO4.2H2O, as well as varying quanti-

ties of Sr(OH)2.8H2O (0.01M). The relative integrated peak intensity, hy-

drophilicity, and cell survival of the resultant Sr-HAp coatings increased at 

initially, then fell when the Sr+2 concentration was increased. Sr-HAp coat-

ings with a fine porous morphology were created. In addition, the average 

growth rate of the coatings over TiN/Si was substantially higher than that of 

raw Ti. 

        In 2018, Wei Yang et.al [126] studied the electrolytes containing K 

2ZrF6 or K2TiF6, the electrolyte composition absorbs into the produced 

(MAO) coatings on titanium and modifies the surface properties. The re-

sults revealed that the electrolyte composition might alter the arcing phe-

nomena, and that it happened in the solution with K2TiF6 addition with a 

short arc beginning time and low arc starting voltage, resulting in a faster 

coating development rate, better hardness and corrosion resistance. 
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      In 2018, D.R.N Correa et.al [127] studied the Ti-15Zr-xMo (x = 0, 5, 

10, and 15) wt% alloys, the MAO process was utilized to manufacture po-

rous oxide layers laden with bioactive ions (calcium and phosphorus) for 

use as Osseointegrative implants. Biocompatibility studies were conducted 

using the human osteoblastic cell line SAOS-2, which included metabolic 

activity, mineralization, and differentiation. A characteristic porous coating 

was generated in all samples, with identical morphologies and thicknesses, 

which was found to be dependent on the maximum applied voltage. The 

amorphous and nanocrystalline regions within the films, with a higher frac-

tion of Ca atoms incorporated in the outer layer. Results the combined ef-

fect of textured surfaces and surface enrichment with Ca, P is a very prom-

ising approach to promote bone formation. 

     In 2020, C. Garcia-Cabezón [128] studied effect PEO treatment  of Ti-

6Al-4V alloy formed by powder metallurgy (PM) is an excellent candidate 

biomaterial for dental implant manufacturing, its intrinsic porosity causes it 

to have poorer corrosion behavior than alloys obtained by mixing two elec-

trolytes with varying Ca and P contents. In these baths, a homogeneous and 

adherent layer containing anatasa and rutile phases has been found. In AS 

solution, electrochemical tests of coated and untreated PM Ti-6Al-4V al-

loys demonstrated that the PEO coatings not only improved passivation 

without indications of localized corrosion, but also had a better corrosion 

potential and reduced current density in the anodic branch of the polariza-

tion curve. 

2.11 Summary of Literatures: 

From the review of literatures, it is clear that many researchers have studied 

about MAO process coating on Ti-alloys, some researchers studied the ef-

fect of TiO2 by MAO coating on hardness, wear, electrochemical properties 

and corrosion behavior, also others studied the effects of HA/TiO2 on these 
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alloys. Table (2.9) shows comparison between some research and this 

study. 

Table (2.9) comparison between some research and this study. 

Reference Alloy Process Parameters Test and character-

izations 

105 Ti-6Al-4V maximum power:  60 kW Vickers hardness 

test, (SEM), (EDX), 

(XRD), and Fretting 

wear 

106 Pure Ti Electrolyte solution:  

((CH3COO)2Ca.H2O)=0.1 

mol-1,(NaH2PO4.2H2O) 

=0.06mol-1 . 

Power: 2 kW 

Voltage: 550V 

Time: 2,5, 10, and 20 

min. 

Characterization of 

microstructure and 

composition of ox-

ide layer (SEM), 

Nano indentation 

test (hardness and 

elastic modulus). 

 

107 CP-Ti,  

Ti-24Nb-

4Zr-8Sn 

two-step treatment: 

(MAO) and alkali heat-

ment (MAH) were ap-

plied at 250 V. 

Surface characteri-

zations (SEM,(TF-

XRD, XPS), cellular 

assays test. 

108 Pure Ti Electrolyte solution: con-

taining Si, Ca and Na el-

ements 

Time: 1, 3, 5,10, 15, and 

30 min 

(XRD), (SEM-

EDX), micropores 

on the coating sur-

face. 

109 Ti-13Nb- Three different oxides electrochemical test 
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13Zr were formed in an aerated 

pH= 5 (0.252 mol/L 

Na2HPO4, 0.115 mol/L 

NaH2PO4): 

(a) a spontaneous oxide 

film (about 30min). 

(b) an oxide grown poten-

tiodynamically at a sweep 

rate of 50 mV/s. 

(c) an oxide grown by 

(MAO) at 300 V for 60 s. 

in (PBS), EIS and 

SEM test 

110 Cp-Ti 

Ti-6Al-7Nb 

Electrolyte solution: 

(0.252 mol/L Na2HPO4 

and 0.115 mol/L 

NaH2PO4) of pH=5. 

140 V for Ti-6Al-7Nb 

and 200 V for CP-Ti. 

Raman test, (XPS), 

(SEM), (EIS), and 

Fatigue test 

111 Cp- Ti voltage: 300 V 

Time: 1 min 

 

SEM, TEM, Raman 

test, and biological 

tests (Cytotoxicity 

assay). 

112 Pure Ti electrolyte solution: 5 g/L 

Na2SiO3, 0.1 g/ L NaOH, 

3 ml/L C3H8O3. The con-

centration of NaAlO2 in 

the base electrolyte varied 

in the range from 0 to 0.4 

g/L. current density: 5 

SEM, distribution of 

element determined 

by (EDS) 
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A/cm2 

Time: 20 min. 

113 Cp- Ti Electrolyte Solution: 

10 g/L sodium silicate, 8 

g/L sodium polyphos-

phate, and 20 g/L calcium 

acetate 

Current density :20 

A/cm2 

oxidation times: 3, 6, 9, 

12, and 15 min 

(SEM), (EDS), He-

molysis test, Plate-

let, and  (APTT) 

tests. 

 

114 pure Ti, 

Ti-6Al-4V, 

and Ti-

35Nb-2Ta-

3Zr 

Electrolyte Solution: 

Na2SiO3·9H2O (10 g L−1), 

(HOCH2CH2)3N (5 ml/L) 

and HCl (1 mol/L, be 

used to regulate the pH 

value to 11.5). 

(SEM), (EDX),  

(XRD), Corrosion 

resistance tests, and 

Wetting angle test. 

 

115 Ti-6Al-4V Electrolyte solution: 

contained (Na2CO3 = 10 

g/L and (Na2SiO3.5H2O = 

2 g/L. 

Imax = 5 A, 

Umax = 1000 V. 

Coating Characteri-

zation (SEM, EDX, 

and PIXE), and re-

sistance test. 

 

116 Ti-6Al-4V Electrolyte Solution : 5 g 

of tri-sodium orthophos-

phate, 3 g of calcium flu-

oride , and 2 g of potassi-

um hydroxide  in 1000 

FESEM, EDS, 

PDXL, XRD, Mi-

cro-Scratch Test, 

and 

In Vitro test. 
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mL distilled water with a 

pH of 12.55. 

Voltage: 400V 

Maximum current ap-

plied:  1 A 

Treatment time:  10 min 

117 Ti13Zr13Nb Electrolyte Solution: 

C3H7CaO6P (GP)= 0.1 

mol.L-1 and 0.15 mol.L-1 

Ca(CH3COO)2. 

Voltages: 200, 300, and 

400 V. 

constant current: 32mA 

for 10 and 15 min, and a 

constant current of 50 

mA for 10 min. 

Coating Characteri-

zation (SEM, EDX, 

XRD), Nanome-

chanical (hardness, 

maximum indent 

depth, Young’s 

modulus, Ecoat-

ing/Esubstrate) , and 

wettability test. 

118 Ti-6Al-4V Electrolyte Solution: A 

phosphate salt solution 

(8-10 g/l ), 3 g/l of HA 

 

(XRD), (SEM), 

(FTIR), corrosion 

test, Hardness test, 

and scratch adhesion 

tests. 

119 Ti6Al4V The electrolyte solution: 

(0.5 M) NaOH or 0.5 M 

H2SO4. 

Corrosion resistance 

test, 

 

120 Cp-Ti …… (SEM), (TEM), and 

(XRD). 

121 Ti6Al4V 

and 

electrolyte solution: 

(CH3-COO)2Ca·H2O and 

(EDS), (SEM), 

(XRD) analysis, 
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Ti6Al7Nb Na3PO4. 

voltages:  500 and 83 V. 

Time: 5 min . 

SBF Tests, and Cell 

Culture tests. 

122 Ti-3Zr-2Sn-

3Mo-25Nb 

electrolytic solution: 0.08 

mol/L 

(C3H7Na2O6P·5H2O, β-

GP) and 0.8 mol/L 

((CH3COO)2Ca·H2O). 

voltage: 250−500 V 

Time: 7 min. 

Characterization of 

films (SEM and a 

quantative analysis 

of the chemical 

composition of the 

anodic layer), XPS 

analysis,  Cell cul-

ture test,  Osteoblast 

attachment and pro-

liferation, Hard tis-

sue reaction analy-

sis, and Immersion 

tests. 

123 Ti–6Al–4V electrolytic solution: 

(C6H8O7), [C2H4(NH2)2],  

[(NH4)3PO4], and HA 

nanoparticles were dis-

persed into the prepared 

electrolyte to adjust the 

pH from 4 to 11. 

Voltage: 400,  480 V 

Characterization of 

the TiO2 film 

(XRD, SEM, EDX), 

and 

Biological test. 

124 Ti-6Al-4V electrolytic solution: 

Ca/P, 5Zn, 10Zn , 20Zn 

0.12 0.02 0.03 3 5Zn/5Si 

, 10Zn/5Si, and 20Zn/5SI  

Surface characteri-

zation (XRD, FE-

SEM, EDX). 
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voltage: 280 V. 

Time: 3 min. 

125 bulk Ti Electrolytes Solution: 

0.4M Ca(CH3OOH)2.H2O 

and 

0.2M NaH2PO4.2H2O 

mixed with various con-

centrations of 

Sr(OH)2.8H2O ranging 

from 0- 0.1M 

Voltage: 350 V 

Time: 15 min . 

(XRD, FE-SEM, 

EDX), contact an-

gles test, MTT assay 

test. 

126 pure Ti Electrolytes Solution: (20 

g/L) and silicate with the 

addition of K2ZrF6 (5g/L) 

or K2TiF6 (5g/L). 

maximum power: 30 kW. 

Time:  10 min. 

current density: 1 A/dm2. 

Coating characteri-

zation (XRD, SEM, 

EDX), 

Vickers hardness 

test, Tribological 

behavior, and Cor-

rosion resistance. 

127 
Ti-15Zr-

xMo (x = 0, 

5, 10 and 15 

wt%) 

Electrolyte Solution: 

0.15mol/L 

(Ca(CH3COO)2) and 0.10 

mol/L (C3H7CaO6P), 

current density: 311 

A/m2. 

Voltage: 300 V, 350 V 

and 400 V. 

Time:  10 min. 

(SEM, XRD, EDX, 

and (TEM) , Bioac-

tivity evaluation, 

Cell culture, Viabil-

ity assay, Alkaline 

phosphatase stain-

ing, and Alizarin red 

staining. 



Chapter Two                Theoretical Part and Literature Review 

 

 
65 

128 Ti-6Al-4V 

obtained by 

powder 

metallurgy 

(PM) 

Electrolytes Solution: 

(1) a commercial electro-

lyte provided from 

Keronite (Keronite Elec-

trolyte 1003-01 for titani-

um) which is composed 

of 0.1–1% sodium fluo-

ride (NaF) and other Ca- 

and P-based chemical 

compounds. 

(2) 0.35 M of calcium ac-

etate hydrate and 0.02 M 

of glycerol phosphate 

disodium salt pentahy-

drate. 

current density: 25 

A/cm2. 

Time:  10 min. 

Microstructural and 

Mechanical Charac-

terization (optical 

metallography and 

(SEM/EDS), Corro-

sion Testing, 

Cytocompatibility 

tests. 

 

 

2.12 Concluding Remarks 

    The previous workers in literature showed the effect of dispersant and the 

parameters of MAO like as applied potential, deposition time, suspension 

medium on the corrosion behavior and morphology of TiO2, and HA/TiO2 

coated Ti-alloys substrates. The following remarks can be listed: 

1. TiO2 coatings by MAO process was suitable for deposition of high 

corrosion resistance in compassion to the uncoated sample. 
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2. Based on the substrates materials, selecting of MAO parameters de-

pending on the optimum deposition voltage and time, could which re-

sult in less porous and good strength coating layer. 

3. The addition of enough amount of HA to the deposited HA/TiO2 

composite coatings result in bond strength accretion to Ti substrate 

and cause a reduction of corrosion rate in solution. Moreover, the 

morphology of the composite coatings was uniform and less porous 

structure. 

     What distinguishes the current work is that the using of Ti-6Al-7Nb al-

loy exclusively as the substrate for the HA/TiO2, ZrO2/TiO2, and 

HA/ZrO2/TiO2 nanocomposite deposition as utilized by the other research-

ers and investigations and thus it will give a high performance low cost bi-

omaterial used in bone fixation for orthopedic applications. 
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Chapter Three 

Experimental Work 
 

3.1 Introduction  

    This chapter presents the materials that are utilized in the present work and 

preparation of these materials with the experimental procedure for MAO process 

as well as the testing and evaluation methods. The experimental part of this study 

involves the preparation of samples and suspension for coating by means of the 

MAO technique. In addition, the description of coating process, equipment and 

conditions are utilized in this chapter. The block diagram shown in Figure (3.1) 

clarifies the main activities of this work. 

3.2 Materials  

1. A rod of Ti-6Al-7Nb alloy made in (Shanxi Joint industry co., ltd), was used 

to prepare the substrates. The chemical composition of this alloy is shown in 

Table (3.1). This test was carried out in Science and Technology Ministry. 

Table (3.1): Chemical composition analysis of the Ti-6Al-7Nb alloys. 

Element  
 

Al Si Fe Ni Nb Ti 

ASTM(Wt%)  5.5-6.5 ≤ 0.31 ≤ 0.25 ≤ 0.31 6.5-7.5 Rem. 

Wt% 6.12 0.11 0.21 0.29 7.26 Rem. 

 

2. Hydroxyapatite nanopowder (Hualanchem, CAS No. 1306-06-5, China) with 

primary particles size of 40 nm and purity ≥ 96%.  

3. Zirconia nanopowder (Skyspring, CAS No. 1317-70-0, USA) with primary 

particles size of (30±5) nm and purity ˃99.94%. 

 

 

 

 



Experimental Work                                       Chapter Three                        

 
68 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (3.1): Block diagram of the experimental procedures. 
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3.3 Equipment and Instruments 

   The following equipment and devices were used in this work: 

1. Wire cut machine (Germany origin). 

2. Grinding and polishing device (UNI POL-820, MTI Corporation, made in 

Toky). 

3. Ultrasonic cleaner.  

4. Surface roughness tester (HSR210, made in china).           

5. Light optical microscope, model (1280XEQ-MM300TUSB) 

(Metallurgical Department /materials engineering college/Babylon 

university). 

6. XRD instrument type (XRD-6000) (Nanotechnology and Advanced 

Materials Research Center/ University of Technology.  

7. Field-Emission Scanning electron microscopy (FE-SEM) (ƩIGMA, JSM-

7610F, Carl Zeiss, made in Germany (Tehran University). 

8. Laser particle size analyzer, better size 2000 (Ceramic Department / 

materials engineering college / Babylon university). 

9. Ultrasonic Cell Crusher SJIA-1200W MTI Corporation (Polymer and 

Petrochemical Industries Department/materials engineering 

college/Babylon university) 

10.  pH meter (CAN/CSA STD C22.2 NO.61010-1, made in Germany). 

11.  Sensitive Balance Type (L220S– D) with (± 0.0001% accuracy), made in 

Germany. 

12.  A Dc-Ac homemade MAO deposition unit shown in Figures 3.3. 

13. Vickers Hardness (HV-1000) model Reicherter, Ut l250. 

14. Corrosion potentiostats, model Digi-lvy,112609 (Metallurgical 

Department /materials engineering college/Babylon university). 

15. Contact angle test, model SL 200KS (Ceramic Department /materials 

engineering college/ Babylon university). 
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16. Atomic force microscopy (AFM) Type was PHYWE/Nano Compact, 

made in UK (Department of Science/University of Baghdad).  

17. Wear test Type (Pin-on-Disc), MT 4003, TRIBOMETER model 

(MT/60/H), made in U.S.A. 

18. Adhesion Test model (ATM), (POSITEST AT, AT09377, made in U.S.A. 

(Metallurgical Department/materials engineering college/Babylon 

university). 

3.4 Sample Preparation 

3.4.1 Sample Preparation for Metallographic Examination 

        The preparation of substrates was carried out by using a silicon carbide 

(SiC) emery papers (120, 220, 320, 400, 600, 800, 1000, 2000, 3000) μm grit 

size for grinding the surface of the sample, and then the substrate was rinsed 

with distilled water.  After that, the substrates were polished by a diamond paste 

of 1.5µm to get a smooth mirror finish by using the grinding and polishing 

machine.  Etching was made at room temperature using (10ml HF, 5ml HNO3 

and 85ml H2O) solution according to ASTM [129]. After immersing the 

prepared samples in etching solution for 5-10 seconds, they washed with distilled 

water and dried, to be ready for microstructure analysis. 

3.4.2 Sample Preparation for MAO 

     The Ti-6Al-7Nb alloy rod was cut by using a wire-cutting machine into 

ϕ13×3mm2 dimension. In order to improve the mechanical bonding and adhesion 

between the coating and the substrate, prior to coating process, the average 

surface roughness (Ra) of (0.08μm) [130], degreased with acetone , then rinsed 

with distilled water , drilled for clamping to be used for MAO process. 
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3.5 MAO Process  

    The ceramic coatings were deposited using a DC-AC handmade MAO 

deposition device with a voltage of (0-500) V and a current of (0-5) A, as 

illustrated in Figures (3.2) and (3.3) . 

A three-litter container bath was utilized. The electrolyte was stirred and chilled 

in the plastic container using a mechanical stirrer and cooling system, 

respectively. A sample holder served as the anode, and a stainless steel 316L 

plate served as the cathode, in the plastic container. The cooling unit attached to 

the MAO unit keeps the temperature of the electrolyte solution below 30℃. It 

delivers chilled water to a large plastic container containing an electrolyte 

solution.    

      The electrolytic solutions were mixed after preparation before the MAO 

process. The current-voltages values in this study could prove the possibility of 

using the electrolytes in formation of titanium oxide layers and coatings Ti 

sample using moderate current and voltages shown in Table (3.2). 

Figure (3.2): Schematic of equipment's for MAO coating. 

 



Experimental Work                                       Chapter Three                        

 
72 

  

Figure (3.3) : Photographs of MAO coating unit: (1) (cooling system), (2) Mixer, 

(3) coating container, (4) cooling container, and (5) power supply. 
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Table (3.2):  Electrolyte solutions and Parameters of MAO process. 

Group Electrolyte solution types PH Voltage (V) Times (min) 

A Na2CO3=10g/l 

Na2SiO3=2g/l 

8 300,350, 400 7,15,30,60 

B HA=6g/l, EDTA=3g/l, 

NaOH=8g/l, KOH=1g/l 

10.5 300,350, 400 7,15,30,60 

C ZrO2=6g/l, Na3PO4=5g/l, 

KOH=1g/l 

10 300,350, 400 7,15,30,60 

D HA=3g/l, ZrO2=3g/l, 

Na3PO4=5g/l, CaF2=2g/l, 

KOH=1g/l 

11 300,350, 400 7,15,30,60 

3.6 MAO Experimental Procedure 

3.6.1 Preparing Electrolyte solution  

       Several attempts have been done to select the electrolytic solutions using 

different compositions of the MAO electrolytes containing nano powder of HA 

and ZrO2 additives and other additives for property modification Na3PO4, 

EDTA, NaOH, Na2CO3, Na2SiO3 and KOH to increase conductivity [131], 

which was mixed in liter of distilled water by Ultrasonic stirrer before the 

deposition process. Table (3.3) show the main electrolytic solutions used in the 

MAO process. 

Table (3.3): Composition of electrolytic solutions. 

Group Samples Voltage (V) Times (min) 

A A1 300 

 

7 

A2 15 

A3 30 

A4 60 

A5 350 

 

7 

A6 15 

A7 30 

A8 60 
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A9 400 

 

7 

A10 15 

A11 30 

A12 60 

B B1 300 

 

7 

B2 15 

B3 30 

B4 60 

B5 350 

 

7 

B6 15 

B7 30 

B8 60 

B9 400 

 

7 

B10 15 

B11 30 

B12 60 

C C1 300 

 

7 

C2 15 

C3 30 

C4 60 

C5 350 

 

7 

C6 15 

C7 30 

C8 60 

C9 400 

 

7 

C10 15 

C11 30 

C12 60 

D D1 300 

 

7 

D2 15 

D3 30 

D4 60 

D5 350 

 

7 

D6 15 

D7 30 

D8 60 

D9 400 

 

7 

D10 15 

D11 30 

D12 60 
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3.6.2 MAO Coating Process: 

    This procedure was carried out according to the following steps: 

1- Filling the electrolyte glass container with the specified electrolyte solution . 

see Figure (3.3). 

2- Using a cooling device, chilling the solution to the starting temperature of 

5°C. 

3- Depositing ceramic coatings by the MAO unit. In this step, the DC current-

Voltage values in steady state arcs during MAO process were recorded.  

      Different types of arcs could be observed during MAO process as shown in 

Figure (3.4), and different types of coated samples using those different 

electrolytes are shown in Figure (3.5). 

  

 

 

 

 

 

 

 

 

 

Figure (3.4): Micro sparks in different types of the electrolytes (Group A, B, C 

and D). 

  

  

A 
B 

C   D 
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Figure (3.5): Coated samples using different electrolytes (A, B, C, and  D). 

3.7 Characterization of Powders and Coatings  

3.7.1 Analysis of Partical size 

        The particle size analysis (PSA) of the (HA) powder and ZrO2 was 

determined by (Type Better size 2000 laser particle size analyzer shown in 

Figure (3.6). 

 

 
 

 

A1 A2 A3 A4 

A5 A6 A7 A8 

A9 A10 A11 A12 

B1 B2 B3 B4 

B5 B6 B7 B8 

B9 B10 B11 B12 

C1 C2 C3 C4 

C5 C6 C7 C8 

C9 C10 C11 C12 

D1 D2 D3 D4 

D5 D6 D7 D8 

D9 D10 D11 D12 



Experimental Work                                       Chapter Three                        

 
77 

 

Figure (3.6): Particle size analyzer. 

 

3.7.2 Phase Identification 

       The test of X-ray diffraction analysis (XRD- 6000) had been taken so as to 

characterize the nano powder (HA and ZrO2) in the present work, also substrate 

Ti-6Al-7Nb alloy and coating samples, as shown in Figure (3.7) Cu Kα radiation 

(λ = 1.5405 Ǻ) were used in the XRD, with a scanning speed of 3˚/min from (20º 

to 90º)of 2θ and a power of Kv/30 mA. 

 

Figure (3.7): X-ray diffraction instrument. 
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3.7.3 Light Optical Microscope (LOM) 

       Involved identification and measurement of the phases, shape and grain size 

are some characteristics of grain boundaries could be evaluated by optical 

microscope, it was professional metallurgical microscope with polarizing dark 

field reflected light, as shown in Figure (3.8). 

 

Figure (3.8):  Shows Optical microscopy. 

3.7.4 Field Emission Scanning Electron Microscopy (FE-SEM) and 

Electron Dispersive Spectroscopy (EDS)  

       SEM is one of the most widely used surface examination methods, allowing 

for the observation of a wide variety of scales and features.  In the present work, 

SEM was used to reveal the microstructure of coated and uncoated substrates. It 

was used to characterize the morphology and microstructure of the coated 

surface in terms of uniformity as shown in Figure (3.9).  Also, FESEM was used 

for the coated substrates because the high resolution to the topography of surface 

in nm.  
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Figure (3.9): The Scanning Electron Microscope (SEM) Analyzer. 

3.7.5 Atomic Force Microscope (AFM) Analysis 

       The depth morphology and surface roughness were investigated using 

atomic force microscope (AFM) for the coated and uncoated (Ti-6Al-7Nb) 

substrates as shown in Figure (3.10). 

 

Figure (3.10): Atomic Force Microscope device. 
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3.8 Mechanical test  

3.8.1 Hardness Test 

        Micro-hardness testing was used to measure the hardness values by (a 

Digital Micro hardness tested HV-1000) as shown in Figure (3.11). This test is 

used to measure the hardness of TiO2 thin film, HA/TiO2, ZrO2/TiO2 composite 

coating, uncoated sample,  with different coating parameters (voltage and time ) 

at load (0.49N) and holding time of 15 seconds. 

 
                                 Figure (3.11): Hardness test. 

3.8.2 Wear Test 

         Tribology can be defined as the science and technology of two surfaces 

that interact in motion of subjects and practices relatively. Among the main 

causes of material wastage or decrease of mechanical performance is wear, 

therefore, reducing it might eventually result in considerable savings. Wear and 

dissipated energy are most often the result of friction [133]. Specific wear rate 

was measured by using the pin on disc devise type (PIN ON DISK 

TRIBOMETER model MT/60/H) shown in Figure (3.12). 
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Figure (3.12): Wear test. 

      The weight of substrate was measured and considered as initial weight (wo). 

It was inserted in the holder, making sure the end surface of specimen was 

parallel to the disc surface. Holder was adjusted to get the desirable wear track 

radius 6mm. The load was 10N with a rotation speed of 350rpm. The manner is 

repeated until reached to 30min. The wear rate was determined as in [134]: 

Specific wear rate =
∆W

S
(

g

cm
) … … … … … … … … … equ. (3.1) 

Where: 

∆W = Weight lost (g) 

S = Sliding distance (263.76m) 

S = Sliding Velocity (m sec )  × time (sec )⁄ … … … . . equ. (3.2) 

Sliding Velosity =
πDN

30 × 1000
 

Where: 

D = wear track diameter selected (10mm) 

N = Speed of rotation disk (350rpm) 

3.8.3 Adhesion testing: 

       The pull-off test is the most basic test technique in terms of idea. This test 

employs an adhesive-fixed stud that is peeled off the coating (ASTM D4541), 
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equipped with a force-recording mechanical testing equipment [135], as may be 

seen in Figure (3.13). The problem with this test is that the highest adhesive 

strength that can be measured is also the maximum adhesive strength that can be 

obtained. Tensile strength of high-performance adhesives is generally less than 

100 MPa. In this test, the adhesive material utilized was (EPOXI-PATCH). 

Achieving this degree of stress in a practical test needs precise procedures to 

enhance adherence to the coating and keep the force direction perpendicular to 

the sample. 

  

Figure (3.13): Conventional adhesion test method. 

 

3.9 Contact Angle Test 

       Contact angle test was accomplished to evaluate the effect of additives on 

the wettability of pure materials by means of contact angle range (0º to 180º) as 

shown in Figure (3.14).  This device makes calculation of contact angle and 

calculate their average values and giving a real-time data graph monitoring 

changes of contact angle with video recording. 
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Figure (3.14): Contact Angle Device. 

 

3.10 Electrochemical Test 

       Corrosion behavior of coated and uncoated substrates and coating was 

studied in two different solutions (Ringer and Saliva solution). The chemical 

compositions of Ringer and Saliva solution are illustrated in Tables (3.4) and 

(3.5) respectively. The pH of both solutions at 37C° were 7.3 and 7.4, 

respectively. 

Table (3.4): Composition of Ringer solution [136]. 

NO. Constituent g/l 

1 NaCl 9.00 

2 KCl 0.43 

3 CaCl2 0.24 

 

Table (3.5): Composition of Artificial Saliva [137]. 

NO. Constituent 
 

g/l 

1 NaCL 0.70 

2 KCL 1.30 

3 KSCN 0.33 

4 NaHCO3 1.50 

5 Na2HPO4 0.26 

6 KH2PO4 0.20 
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3.10.1 Open circuit potential (OCP) 

      The goal of the OCP-time measurement is to better understand the corrosion 

behavior of coated and uncoated samples in Ringer and Saliva solution under 

equilibrated conditions. The OCP-time measurement is a crucial metric for 

determining the stability of the specimens' passive film. The samples were 

submerged in Ringer's and Saliva's solutions at 37oC, PH 7.3, and 7.4 

correspondingly for the experiments. The working electrode's potential is 

monitored in relation to a Saturated Calomel electrode (SCE). Between the 

working electrode and the reference electrode is a voltmeter that is saturated. For 

each specimen 30 min open circuit potential measurement was performed, as 

shown in Figure (3.15). The first record was taken immediately after immersion 

then the voltage was monitored for the interred period of test at an interval of 

(5min). 

 
Figure (3.15): Schematic drawing of Open Circuit Potential Measurement. 

 

3.10.2 Potentiodynamic and cycle polarization test 

     As an electrolyte potentiodynamic and cyclic polarization test, 

electrochemical tests were conducted in three electrode cells containing Ringer's 

solution and Saliva's solution. As indicated in Figure (3.16), the counter 

electrode was Pt, the reference electrode was SCE, and the working electrode 

was a specimen.  
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 The corrosion cell consists of three electrodes: 

1. The working electrode (Ti-6Al-7Nb sample). 

2. The counter electrode (platinum rod). 

3. The saturated calomel electrode (SCE). 

 

Figure (3.16): Schematic Diagram of Potentiodynamic Polarization Cell. 

       The corrosion rate (CR) was calculated by Tafel plots by using anodic and 

cathodic branches. corrosion rate measurement is obtained by applying the 

following equation [138]. 

𝐶𝑅 =
𝑂. 13 I𝑐𝑜𝑟𝑟.(𝐸. 𝑊)

𝐴. 𝜌
… … … … … . . 𝑒𝑞𝑢(3.3) 

Where: 

C𝑅 = Corrosion rate   

E. W. = equivalent weight (g eq. )⁄  

A = area (cm2) 

ρ = density (g cm3⁄ )  

0.13 = metric and time conversion factor 

I𝑐𝑜𝑟𝑟. = The total current (μA) 

improvement percentage =
(𝐶𝑅 − 𝐶𝑅°)

𝐶𝑅
∗ 100% … … … . . 𝑒𝑞𝑢(3.4) 

Where: 

CR° = the corrosion rate of master sample( without coated). 

CR = the corrosion rate of coated sample (with coated). 
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3.11 Chemical Test  

3.11.1 The ions release 

     This test was achieved by using atomic absorption spectroscopy device, 

shown in Figure (3.17). In order to determine the amount of Ti ions Al ions and 

Nb ions before and after coating into Ringer and Saliva solution. The dissolution 

test was used to measure the ions in both solutions from the samples immersed 

for 21 days at 37°C. A sample of each type, uncoated and coated TiO2, HA/TiO2 , 

ZrO2/TiO2, and HA/ZrO2/TiO2 composite coating samples are immersed in 50 

ml of Ringer and Saliva solution in poly propylene (PPM) bottles. The (PPM) 

bottles were closed tightly and incubated in the thermostatic chambers at 37 °C 

for 21 days. All bottles were shaken gently for a few seconds every 3 days.  

After 21 days, the Ringer and Saliva solutions in the bottles were analyzed by 

atomic absorption spectroscopy to determine the amount of Ti, Al  and Nb ions 

leached from each specimen. 

  

Figure (3.17): Atomic absorption spectroscopy (AAS). 
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3.12 Biological Test  

3.12.1 Antibacterial Test: 

       The danger of first microbial colonization and bacterial assault exists on the 

surface of biomaterial. The antibacterial activity of the TiO2 and HA/TiO2, 

ZrO2/TiO2, and HA/ZrO2/TiO2 nanocomposite by MAO process was 

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 using Escherichia coli bacterial strains (E.coli, 

American type culture ATCC 25922, gram negative bacteria). The E.coli could 

spread hematogenous from a urinary tract infection and reach to the bone and 

cause osteomyelitis in an adult [139]. For the bacteria preparation, the E.coli was 

grown on a nutrient agar (N. agar) and placed in the incubator for 24 h at 37°C. 

Then the bacteria were spread on a petri dish where the suspensions were placed 

in four different regions on it then incubated at 37°C for 24 hours. After that the 

inhibition zones were observed. 
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Chapter Four 

Results and Discussion 

4.1 Introduction  

       This chapter includes the explanation of the results and discussion of them. 

Results are analyzed to select the appropriate suspension for the MAO process and 

identify the best condition for the HA/TiO2, ZrO2/TiO2, and HA/ZrO2/TiO2  

nanocomposite ceramic coating on Ti-6Al-7Nb alloy. The results characterization and 

estimation are obtained by micro-hardness test, XRD, AFM, FESEM with EDS, wear 

test and adhesion test. In addition, the electrochemical corrosion behavior of the 

coating layer has been investigated in vitro by Ringer’s and saliva solution at 37±1℃. 

Finally, the chemical test include ion release and antibacterial study test is also 

investigated. 

4.2 Particle Size of Powders 

     Figure (4.1) shows the particle size distribution of HA nano powder. Particle’s 

size of the HA nano particle distributes on the 1.033nm to 5.844nm with a mean size 

of 4.210nm.  

 

Figure (4.1): Particle Size analysis of HA nano Powder used in this study. 
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    Figure (4.2) shows the particle size distribution of ZrO2 nano powder. It can be 

seen that particles size of the ZrO2 particle distributed on the 0.226nm and 4.307nm 

with a mean size of   0.727nm. 

 

Figure (4.2): Particle Size analysis of ZrO2 nano Powder used in this study. 

4.3 X-ray Diffraction 

4.3.1 XRD of the powder 

     The X-ray diffraction of the nano powder HA and ZrO2 was done is to ensure the 

type of powder as shown in Figure (4.3) shows the XRD patterns of HA nano 

powder at angle (2ϴ) from 10° to 50°. The phases were identified by comparison 

with standard reference patterns for hydroxyapatite from powder file (JCPDS cards 

NO.09-0432). The XRD patterns of ZrO2 nano powder from 10° to 70° are shown in 

Figure (4.4). The phases were identified by comparison with standard reference 

pattern from powder file (JCPDS cards NO.41-0017).   
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Figure (4.3) : XRD chart of HA nano powder. 

 

 
Figure (4.4) : XRD chart of ZrO2 nano powder. 
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4.3.2 XRD of Ti-6Al-7Nb alloy substrate: 

       Identification of phases present in Ti-6Al-7Nb alloy substrate before coating 

as shown in Figure (4.5), where there are two main phases appeared, the alpha (α-

HCP) and beta (β-BCC). These phases are identified with their crystalline planes 

according to the JCPDS card numbers where the diffraction pattern of the α phase 

match with the (JCPDS Card No.42-1136) peaks and the β phase match with the 

(JCPDS Card No.17- 0102). 

 

 
Figure (4.5): XRD chart of Ti-6Al-7Nb alloy substrate. 

4.3.3 XRD Results of coatings: 

     Figures (4.6-4.17) display the XRD results for the coated specimen with different 

electrolytes. The XRD results proved the deposition of titanium oxide layer after MAO 

on the surface of the Ti-6Al-7Nb alloy substrate at (300V  30min) in Figure (4.6). 

The formation of TiO2 layer on the surface of specimen A3 has crystalline phases: 
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rutile (tetragonal) and anatase (tetragonal) phases also the (α-HCP) and (β-BCC) return 

to the Ti-alloy.  The peaks of rutile TiO2 (200), (211), and (202) at 2ϴ° (39.3, 54.2, and 

76.0) and those of titania crystals structars (anatase) (101), (103), and (200) at 2ϴ° 

(25.9, 37.9, and 48.3) are strongly increased compared to the untreated Ti sample while 

the intensity of the Ti-alloy peaks decreased after MAO process at 300V. The rutile 

phase is more important than other types of titania for medical application. This is due 

to the crystal structure of both types, the energy gaps for anatase are more than those of 

rutile, this makes the anatase more pores and its used in optical application while the 

rutile is with low energy gape and more stable at high temperatures and anatase to 

rutile conversion occurs as the duration and temperature of the plasma micro 

discharges for that its used for medical applications [140].  

 

Figure (4.6): XRD patterns of specimen A3 at (300V &30min). 
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      The intensity of the peaks slightly increased with the increasing limiting voltage, 

which could be related to the oxide layer growth as shown in Figure (4.7) at 350V.  For 

the highest applied (400V) in Figure (4.8) the oxidized surface layer became mainly a 

mixture of anatase and rutile. The presence of anatase suggests that a vigorous 

oxidation reaction has occurred on a titanium surface during the MAO process. It is 

therefore believed that the mixture of anatase and rutile crystal phases in the coated Ti-

alloys specimen prepared in this work may positively influence the bioactivity of Ti-

alloys by enhancing the osteogenic properties of Ti-alloys  also indicates that mostly 

anatase is formed at lower forming voltages, while the combination of anatase and 

rutile phases appear at higher forming voltages since anatase as a metastable-phase 

gradually transforms into rutile at higher temperatures with the increasing dielectric 

breakdown phenomena [141].  

 

Figure (4.7): XRD patterns of specimen A7 at (350V  30min). 
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Figure (4.8): XRD patterns of specimen A11 at (400V &30min). 

 

     XRD analysis in Figures (4.9-4.11) reveals that the surfaces of the Ti-6Al-7Nb 

alloy are covered by HA/TiO2 composite coating. HA peaks were also detected on 

XRD patterns of the oxidized Ti6Al7Nb alloys. In addition to the peaks of anatase, 

rutile, and HA, the appearance of Ti peaks on the XRD patterns, is most likely due to 

the penetration of the XRD beyond the oxide layers. The major phase that dominated is 

HA (310), (002), and (211) depending on thickness of coating layer at 2ϴ° (39.8, 25.8, 

and 31.7). HA peaks are the highest intensities in all specimens coated at different 

thickness. Intensity increasing with increasing voltage, for the coatings deposited at 

350V (specimen B7) demonstrated the different halo in the angular range. 
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Figure (4.9): XRD patterns of specimen B3 at (300V &30min). 

 

Figure (4.10): XRD patterns of specimen B7 at (350V &30min). 
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     When the voltage is increased at 400V in Figure (4.11), the intensities of reflexes of 

HA are increased at the specimen B11. There was an improvement in the coating 

crystallization and the strong HA was at (310), (211), and (002) with a 100% intensity 

of HA at (310) which overlapped with (211). This preferred orientation suggested that 

high coating and chemical reaction between the different components were occurred. 

The (002) HA peak at 2θᵒ (25.8) was stronger compared to (310) and (211) HA peaks 

around 2θᵒ (31.7) specially for the HA/TiO2 composite coating Ti-6Al-7Nb alloy. 

 

Figure (4.11): XRD patterns of specimen B11 at (400V &30min). 

 

      In Figures (4.12-4.14), the XRD patterns of ZrO2/TiO2 composites coating could be 

assigned to well-crystallized Zirconia (tetragonal) phase and (anatase, rutile) phases at 

TiO2 at different voltages. The XRD patterns indicated that the peaks are composed of 
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ZrO2 with anatase and rutile phases. At (300V 30min) at specimen C3 the phases of  

ZrO2 showed low intensities. In fact, the discharge process can accelerate the 

hydrolysis which lead to an increasing number and ZrO2 and TiO2 in the channel under 

high temperature and high-pressure during MAO process at high voltage, the intensity 

zirconia peak increased gradually during increase voltage MAO process to the Ti-6Al-

7Nb alloy substrates were exposed to the surface. We also could see that both the 

intensities rutile and anatase peaks increased gradually.  At 400V voltage at specimen 

C11, the intensity of those peaks 2ϴ° (27.5 and 34.1) at (002) and (111) reached the 

maximum coating showed a strong ZrO2 phase with a maximum thickness. 

 

Figure (4.12): XRD patterns of specimen C3 at (300V &30min). 
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Figure (4.13) : XRD patterns of specimen C7 at (350V &30min). 

 

Figure (4.14): XRD patterns of specimen C11 at (400V &30min). 
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      The nanocomposite layer coated specimens shows that the layer consisted of an 

alternating layer of HA and ZrO2 add TiO2 substrate coated on Ti-6Al-7Nb alloy by 

MAO process, followed by composite ceramic coating by MAO process. in Figure 

(4.15) results indicate that there are six types of diffraction peaks on the surface of the 

film, note that phase composition of the coating detected by XRD was continued HA 

major  phase at 2ϴ° (63.0 and 39.2) and ZrO2 at 2ϴ° (34.1). In the XRD patterns of 

specimens D3 coated with HA and ZrO2 at 300V show the formation of different 

ceramic compound including (502) and (212) at 2ϴ° (63.0 and 39.2) for HA, and ZrO2 

(202) at 2ϴ° (34.1). There are other peaks appeared dominated by TiO2 for example 

(101), (103), and (213) at 2ϴ° (25.2, 37.9, and 62.7) rutile phase and anatase phase 

(110), (200), and (202) at 2θ° (27.5, 39.3, and 76.0) respectively in addition to alloy 

phases.  

 

Figure (4.15): XRD patterns of specimen D3 at (300V &30min). 



Chapter Four                                                      Results and Discussion 

 100 

     In Figure (4.16) and (4.17), presence peaks of ZrO2 and HA on Ti-6Al-7Nb alloy at 

(350-400) V. XRD phase at 2ϴ° (39.2, 60.0, and 77.1) as result from natural oxide 

layer form (HA and ZrO2) add TiO2 Phase. The increase intensity at increasing voltage 

because increase thickness of coating layer  means that the chemical reaction between 

HA, ZrO2 and TiO2 layers XRD showed improvement in coated. The depositions 

directory on the alloy surface are different with voltage which can give a pores layer. A 

strong structural interdependence appeared between the covering HA and the ZrO2 

composite layer with TiO2 substrate. This means that the number of particles increase 

so that the intensity of the peak increased. 

 

Figure (4.16): XRD patterns of specimen D7 at (350V &30min). 
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Figure (4.17): XRD patterns of specimen D11 at (400V &30min). 

 

  

4.4 Microstructure Results 

4.4.1 Optical Microstructure Observation 

       Figure (4.18) shows LOM micrographs of Ti-6Al-7Nb alloy substrates with two 

magnifications. The microstructure showed a duplex microstructure consisting of the 

near equiaxed alpha (α) (white phase) and transformed beta (β) (dark phase).  
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Figure (4.18) : Optical Micrographs of Ti6Al7Nb Alloy with two magnifications 

(200X &600X).       

 

4.4.2 Field Emission Scanning Electron Microscopy (FESEM)  

     The FESEM results of microstructure coated specimen from Figures (4.19) which 

show that for surface morphology of the oxide layer TiO2 to the Ti-6Al-7Nb alloys at 

different magnifications treated by MAO process relatively rougher and exhibited a 

grainy structure with limited amount of pores with different sizes by the spark 

discharges.  The MAO coating showed two types of pores: micro-pores and submicro-

pores. The micro-pores had a roughly circular or elliptical shape like volcanic vent 

[142].  

 

 

 

 

200X 600X 

β 

α 



Chapter Four                                                      Results and Discussion 

 103 

 

 

 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.19) : FESEM micrographs of specimen A3 (300V & 30min) at different 

magnifications. 

      A typical porous structure was also found in coating of sample A7, whereby the 

pore size clearly was dependent on the limiting voltage as shown in Figure (4.20) 

350V. Pores with maximum diameters and homogenous distribution can be observed 

on the surface of the Ti- alloy. As the voltage increased, it is clearly seen that the 

diameter of such pores and the surface roughness increased accordingly. As shown in 

Figure (4.21), after treatment for 400V, the pores sizes increased, and the coating 

surface gradually became rough. The oxide coating on both materials is formed by 

many micro-protrusions containing uniformly distributed pores with size varying from 

   

   

(a) (b) 

(c) (d) 
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sub-micron to few microns. The occurrence of this porosity favors the phenomenon of 

osseointegration when compared to the uncoated polished surface since the pores 

behave as sites that increase the contact area between the bone and the implant for 

bone tissue growth, consequently enhancing their anchorage, besides the benefits 

related to the capacity of retaining bioactive elements [110]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.20) : FESEM micrographs of specimen A7 (350V & 30min) at different 

magnifications. 
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Micro-pore 
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Figure (4.21) : FESEM micrographs of specimen A11 (400V & 30min) at different 

magnifications. 

 

      In Figure (4.22), for surface morphologies of HA/TiO2 coatings, it can be observed 

that the porosity decreases with the addition of HA to the electrolyte, it may be 

  

  

(a) (b) 

(c) (d) 

Nested membrane 
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attributed to incorporation of components into the micro-pores ,which leads to reduce 

the amount of pores in the structure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.22) : FESEM micrographs of specimen B3 (300V & 30min) at different 

magnifications. 

 

      With increasing voltage, numerous open pores were formed and thereby increasing 

precipitation of  HA for specimen B7, as shown in Figure (4.23). The homogenous 
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precipitate led to decrease pore ratio significantly. Surface are covered with a fine 

cellular-like oxide network, micro-pores [143]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.23) : FESEM micrographs of specimen B7 (350V & 30min) at different 

magnifications. 

       

   

    

(a) (b) 

(c) (d) 

Spherical particles 



Chapter Four                                                      Results and Discussion 

 108 

     In Figure (4.24), at 400V, the size of crater-like pores tends to be much bigger, and 

they connect together to make a rough surface. Showed that different size of pores 

distributed on the surface coating. it can be concluded that the increasing of voltage 

could increase the HA ratio increasing. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.24) : FESEM micrographs of specimen B11 (400V & 30min) at different 

magnifications. 
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      Figure (4.25) depicts the FESEM photographs of the surface microstructure of the 

samples coated in electrolytes containing of ZrO2. It could be found that the surface of 

MAO film exhibited a low porous microstructure, and these scattered powders should 

come from the ZrO2 added in the electrolyte. The porosity of the MAO film is limited 

and originated not only the reaction channels between electrolytes and substrates, but 

also the channels through which molten oxides ejected during the MAO process. The 

surface morphology seemed more homogenous. The ZrO2 precipitation present as 

aggregate on the surface by small pores distribution on the surface, this leads to 

enhancement roughness of coatings  
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Figure (4.25) : FESEM micrographs of specimen C3 (300V & 30min) at different 

magnifications. 
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      In Figure (4.26) and (4.27) increasing the voltage lead to increasing concentrations 

of ZrO2 coating structure, and increasing the size of pores and tunnels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.26) : FESEM micrographs of sample C7 (350V & 30min) at different 

magnifications. 
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Figure (4.27) : FESEM micrographs of specimen C11 (400V & 30min) at different 

magnifications.  
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      In Figures (4.28), the precipitation of nano particles HA and ZrO2 can be seen as 

aggregates on the surface as the voltage increased, and the particle distributions 

seemed to be non-homogenous at HA/ZrO2/TiO2 composite ceramic coating. Also, it is 

interested to declare that despite the uniform distribution of pores for the specimen D3. 
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Figure (4.28) : FESEM micrographs of specimen D3 (300V & 30min) at different 

magnifications. 

 

      It is clear from Figures (4.29) and (4.30) the less pores structure for samples D7 and 

D11 at (350 and 400) V, also  the uniform distribution of pores was observed.  Micro-

cracks observed at high concentrations of specimens D3, D7, and D11. 
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Figure (4.29) : FESEM micrographs of specimen D7 (350V & 30min) at different 

magnifications. 
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Figure (4.30) : FESEM micrographs of specimen D11 (400V & 30min) at different 

magnifications. 
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  4.4.3 Thickness Coating Test  

    Figure 4.31 (a) illustrates the cross-sectional morphology by FESEM of TiO2 

coating on specimen A3. The coated layer has a regular thin film structure in 

thickness with higher compact, homogeneity and complete adhesion between the 

coating and the underlying substrate. The coating layer of each sample consists of 

two parts: the compact diffusion layer in contact with the substrate and the external 

porous conversion region containing discharge channels. The average thickness of 

the diffusion layer remains constant during the processing. However, with the 

voltage increasing from (300 to 400) V, the average thickness of the external porous 

conversion layer increases as shown in Figure 4.31 (b and c). The formation of 

crossing pores and big pores distributed along the whole thickness. 
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Figure (4.31): Cross section of MAO coatings: (a) A3, (b) A7, and (c) A11. 

 

      In Figure 4.32, presents the cross-sectional morphologies of HA/TiO2 nano 

composite coating with different voltages. The thickness of coating layer increased 

with voltage increasing and it was estimated to be (2.5µm) for specimen B7. The 

interface between the film and the matrix is not obvious and, there is observable HA 

inside the pores.  

 

pores 

(c) 

 

 
(a) 

HA 



Chapter Four                                                             Results and Discussion 

 118 

 

 

 Figure (4.32): Cross section of MAO coating: (a) B3, (b) B7, and (c) B11. 

 

     Cross-sectional images of the ZrO2/TiO2 coatings are displayed in Figure (4.33). 

Identical results were obtained for the other samples. The inner layer was found to 

be porous, while the outer region was dense, with only limited porosity. A typical 

porous structure was found, whereby the pore size clearly was dependent on the 

limiting voltage. Coating thickness increased with the limiting voltage increasing, 

and it equal to (1.944μm) for specimen C11. 
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Figure (4.33): Cross section of MAO coating : (a) C3, (b) C7, and (c) C11. 
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     Figure 4.34 (a) shows the cross-section morphologies of HA/ZrO2/TiO2 coatings is 

about 2.54μm for sample D3. The internal oxide film is compact and close to the 

substrate, while the external film is messy and loose. The thickness of the 

HA/ZrO2/TiO2 film was uniform. It can be concluded that the applied voltage affected 

the concentration of HA and ZrO2 in the TiO2 film as well as with the thickness 

increased to 2.61µm for sample D7 as shown in Figure 4.34 (b). Because of the absence 

of large volcano shaped pores, the coating layer is non-uniform, with large thickness 

variations. The micro-cracks could be observed on the surface of coating in specimen 

as in Figure 4.34 (c). 
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Figure (4.34): Cross section of coating by MAO process: (a) D3, (b) D7, and (c) D11. 

      Generally, it can be seen that the coating thickness is increased with increasing 

voltage and deposition time because the voltage on the sample could not reach the 

sparking threshold, and a thin layer of oxide film quickly formed on the sample surface 

because of anodic oxidation. When the oxidation time was increased, the sparking 

voltage was reached and the energy rose; consequently, some discharge channels on 

the specimens became evident.  

     Oxide film formed on the inner and outer surfaces of the discharge channel as the 

reaction product erupted along the channel. With increases in the oxidation time, 

voltage and energy, repeated breakdown made the oxide film thicker. Moreover, the 

molten oxide overflowed through the discharge channel, cooled rapidly, and was 

deposited after reaching the surface. The process was repeated until the end of the 

oxidation reaction, causing incessant growth of the oxide film [144]. 

 

 

(c) 
 

Micro-cracks 



Chapter Four                                                             Results and Discussion 

 122 

4.4.4 Electron Dispersive Spectroscopy (EDS)  

       Table (4.1) presents the schematic data of EDS results for MAO TiO2 coatings 

with different voltage on containing Ti, O, Al, and Nb ions.  EDS analysis showed that 

increasing of voltage up to 400 V had it effects on the content of oxide layer as shown 

in Figure 4.35 for A3, A7, and A11 samples coated with different voltage. The existence 

of Ti and O2 elements in the coatings, thereby, referred to the formation of TiO2 layers 

with different weights of these modification elements. 

Table (4.1): EDS results of TiO2 layers at different voltages. 

Samples Element Weight (%) Atomic (%) Net Int. 

A3 OK 28.84 55.46 213.29 

AlK 3.42 3.9 189.27 

NbL 9.25 3.06 406.15 

TiK 58.5 37.58 3585.76 

A7 OK 33.59 61.14 354.99 

AlK 0.96 1.03 72.41 

NbL 6.67 2.09 417.09 

TiK 58.78 35.73 5065.96 

A11 OK 35.73 63.12 471.18 

AlK 0.51 0.54 47.5 

NbL 4.51 1.37 348.62 

TiK 59.25 34.97 6323.64 
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Figure (4.35): EDS result of (a) sample A3, (b) samples A7, and (c) samples A11. 

 

      Ca and P atoms on the surface of the HA/TiO2 film coated by MAO process could 

be observed in EDS results, as shown in Table (4.2). The calculated Ca/P ratios 

according to the EDS result differed with voltages differences, where the coating 

elements of Ca, P, O, Ti, Al, and Nb   increased with voltages increasing in Figure 

(4.36). During the micro-arc discharge process under an applied voltage, intense 

plasma physical and chemical reactions occur in the discharge channel, accompanied 

by high pressure and high temperature conditions. Under these conditions, Ti near the 

surface of the titanium alloy substrate participates in the subsequent reactions and can 

be oxidized to form TiO2. At the same time, Ca+2, and HPO4−2or PO4−3 and OH− 

from the ionization move to the anode easily in the electrolyte under the applied 

electric field respectively and are incorporated into the coatings. For biomedical 
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applications, Ca+2 and PO3−4 Ions in the electrolyte enter the ceramic layer during the 

MAO process, so that the bioactivity of the Ti alloy increases [122]. 

Table (4.2): EDS results of HA/TiO2 MAO coating at different voltages. 

Samples Element Weight (%) Atomic (%) Net Int. 

    B3 OK 25.7 49.58 222.01 

AlK 5.59 6.39 370.16 

PK 6.11 6.08 527.64 

NbL 7.9 2.62 364.28 

CaK 0.54 0.42 45.86 

Ti K 54.16 34.9 3726.8 

    B7 OK 28.7 52.99 180.18 

AlK 6.46 7.08 299.15 

PK 5.99 5.71 355.74 

NbL 7.47 2.38 237.35 

CaK 1.3 0.96 74.9 

TiK 50.08 30.89 2371.73 

    B11 OK 25.52 50.19 206.62 

AlK 0.14 0.16 8.92 

PK 3.41 3.47 318.58 

NbL 4.63 1.57 238.27 

CaK 8.22 6.45 747.51 

TiK 58.09 38.16 4082.46 
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Figure (4.36): EDS result of (a) sample B3, (b) samples B7, and (c) samples B11. 

 

 

      Incorporation of ZrO2 nanoparticles precipitation by MAO coatings to the implant 

surfaces can affect the concentrations of elements (Zr, O, Al, Nb, and Ti ) as shown in 

table (4.3) with different voltages. The ratio of Zr/O2 was dependent on voltage, it was 

1.09 for voltages (300V) and 12.78 for voltages (400V) as shown in Figure (4.37).  
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Table (4.3) : EDS results of ZrO2/TiO2 MAO coatings at different voltages. 

Samples Element Weight (%) Atomic (%) Net Int. 

    C3 OK 27.86 54.51 163.73 

AlK 0.14 0.16 6.4 

ZrL 1.09 0.37 39.87 

NbL 4.42 1.49 168.3 

TiK 66.49 43.46 3516.66 

    C7 OK 31.37 58.52 188.48 

AlK 0.58 0.64 25.61 

ZrL 1.41 0.46 50.13 

NbK 3.75 1.2 138.47 

TiK 62.89 39.18 3233.1 

    C11 OK 21.84 47.66 155.69 

AlK 3.43 4.44 193.55 

ZrL 12.78 4.89 535.21 

NbK 6.11 2.3 254.01 

TiK 55.84 40.71 3317.56 
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Figure (4.37): EDS result of (a) sample C3, (b) samples C7, and (c) samples C11. 

 

      Table (4.4), shows the EDS results of  HA and ZrO2 precipitation in MAO process 

for samples D with different voltages. It can be observed that coating elements of Zr, 

O, Ca , and P increased with increased voltage. In Figure (4.38) atomic ratio of Ca/P 

increased from (1.6 to 1.84) % for samples D3 to D11 respectively, similarly to the Zr/O 

atomic ratio increased from (1.72 to 2.5) % with increased voltage. 
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Table (4.4) : EDS results of HA/ZrO2/TiO2 MAO coatings at different voltages. 

Samples Element Weight (%) Atomic (%) Net Int. 

    D3 OK 28.59 55.99 170.82 

AlK 0.69 0.8 30.99 

PK 1.62 0.46 9.07 

ZrL 4.83 1.66 171.83 

NbL 5.01 1.69 182.46 

CaK 0.26 0.18 14.65 

TiK 58.97 39.64 3077.36 

    D7 OK 27.5 53.9 147.8 

AlK 2.68 3.11 109.75 

PK 1.62 1.89 11.46 

Zr L 4.76 1.43 136.83 

NbK 7.47 2.38 237.35 

CaK 0.28 0.22 18.04 

TiK 55.69 39.3 2730.43 

    D11 OK 39.74 68.15 269.35 

AlK 1.63 1.66 70.5 

PK 4.29 3.01 21.46 

ZrL 9.95 2.99 328.61 

NbK 4.63 1.57 238.27 

CaK 0.79 0.62 45.13 

TiK 41.54 26.25 2134.28 
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Figure (4.38): EDS results of (a) sample D3, (b) samples D7, and (c) samples D11. 

 

4.5 Atomic Force Microscope (AFM) Analysis 

   Results of AFM analysis are given in Figures (4.39) and Table (4.5), the differences 

in surface topography between the substrate and different coatings in 2D and 3D, 

where observed an increase in the roughness of the TiO2 coatings because that the 

coatings grown on the surface have a rough surface depending on the phenomenon of 

micro-discharge resulting from the nature of MAO process [143]. The Ra of coatings 

were more than those of the substrates  and increased with voltage increasing, it equal 

to (8.23nm) for sample A3 to (25.3nm) for sample A7 and deposition time roughness 

also increased from (7.19nm) for A1 to (12.6nm) for  samples A4, (18.8nm) and 

(36.4nm) for A9 to (45.6nm) for A12 with maximum surface roughness for samples A11 

is (46.5nm) because increase oxidation time.   
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Figure (4.39): AFM results of samples (a) substrate, (b) A1, (c) A2, (d) A3, (e) A4, (f) 

A5, (g) A6, (h) A7, (i) A8, (j) A9, (k) A10, (l) A11, and (m) A12. 

 

      Figure 4.40 (a, b, c, d, e, f, g, h, i, j, k, and l), the increase of surface roughness as 

shown in samples (B) because the presence of HA precipitates closed the porous and 

prevent harmful ions to pass through it [123]. It can be observed that the surface 

roughness for samples A was higher than that for sample B, which indicated by the 

roughness average values (Ra) which were (29.1nm) for sample B12 compared 

roughness (Ra)  equal  (5.13nm) and (11.8) for samples B4 and B7 respectively,  it 

means that the surface roughness increase with increase voltage and deposition time 

because increase oxidation time, due to increase coating thickness. 
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Figure (4.40): AFM result of (a) B1, (b) B2, (c) B3, (d) B4, (e) B5, (f) B6, (g) B7, (h) B8, 

(i) B9, (j) B10, (k) B11, and (l) B12. 

     In Figure (4.41), the morphology and coating surface topography of the 

samples ZrO2/Tio2 coatings by MAO process.  An increased in Ra values can be 

observed, but remains less than those of  samples A due to deposition of nano 

ZrO2 in electrolytic solution that fill the pores formed in the MAO process 

reduces the roughness, but remain higher than those the substrate increased 
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gradually, voltage and deposition time, its initial from (4.21nm) at C3 to (7.65nm) 

at C7 finally reached (22.2nm) at C11 and (2.1nm) at C1, reaching (4.19nm) at C4, 

and (5.4nm) at C5 to (9.01nm) at C8 and finally (11nm) at C9 to (27.9nm) C11 due 

to increased surface coating.    
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Figure (4.41): AFM result of samples (a) C1, (b) C2, (c) C3, (d) C4, (e) C5, (f) C6, (g) C7, 

(h) C8, (i) C9, (j) C10, (k) C11, and (l) C12. 

        

      Figures (4.42) show AFM results for HA/ZrO2/TiO2 samples D at different voltage 

and deposition time.  It can be said that the surface roughness decreased with 

deposition of HA/ZrO2/TiO2 nanocomposite ceramic coatings by MAO process, which 

indicated by Ra values,  (1.55 nm), (2.09 nm), and  (11.3 nm) for D1, D5, and D9 

respectively.  For sample D12 at (400V & 60min), the Ra  increased to (18.2 nm), due 

to that increase in the coatings thickness.  It most likely, increased voltage and 

deposition time exhibited roughness values higher those recorded in comparison with 

substrate due to the increase of pores in the coating which indicated by the increase of 

micro-hardness. Previous studies proved that implants with a rough surface are more 

suitable for the adhesion and proliferation of osteoblasts than those with a smooth 

surface [144]. 
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Figure (4.42): AFM results of samples (a) D1, (b) D2, (c) D3, (d) D4, (e) D5, (f) D6, (g) 

D7, (h) D8, (i) D9, (j) D10, (k) D11, and (l) D12. 
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Table (4.5): Surface roughness results. 

Sample Code Roughness Sample Code Roughness 

Base 1.41 C1 2.1 

A1 7.19 C2 2.6 

A2 6.65 C3 4.21 

A3 8.23 C4 4.19 

A4 12.6 C5 5.4 

A5 18.8 C6 4.96 

A6 24.3 C7 7.65 

A7 25.3 C8 9.01 

A8 30.4 C9 11 

A9 36.4 C10 16.1 

A10 40 C11 22.2 

A11 46.6 C12 27.9 

A12 45.6 D1 1.55 

B1 2.95 D2 1.69 

B2 3.79 D3 2.54 

B3 4.31 D4 4.38 

B4 5.13 D5 2.09 

B5 6.21 D6 4.64 

B6 8.46 D7 4.28 

B7 11.8 D8 5.56 

B8 10.4 D9 11.3 

B9 18.5 D10 16.1 

B10 21.2 D11 12.8 

B11 27.5 D12 18.2 

B12 29.1 
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4.6 Mechanical test 

4.6.1 Hardness Test: 

    The results of micro-hardness at TiO2 and nanocomposite ceramic coating HA/TiO2, 

ZrO2/TiO2 and HA/ZrO2/TiO2 of the coated samples at a load of 50gm (0.49N) using a 

fixed loading duration of (15 sec.). In general, it can be observed that the hardness of 

coated samples is improved by MAO process.  In Figure (4.43) Show that hardness 

value (268.55 HV at sample A1) these values are significantly higher than that of Ti-

6Al-7Nb alloy, and the increase hardness value with increase the voltage and 

deposition time to the (287.03HV for sample A3) and (311.5 at sample A7) because the 

formation of dense oxide layer which is attributed to formation of thermal micro arcs 

during MAO and increase thickness of ceramics coating [140]. The larger standard 

deviations on the MAO treated samples may also be attributed to their higher surface 

porosity lead to decrease hardness at (243.8HV for sample A9) and (234.59HV for 

sample A12). 

 

Figure (4.43): Relationship between the voltage, deposition time and the micro-

hardness of coatings at TiO2 by MAO process. 
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       in Figure (4.44) the addition of nano-HA in electrolyte solution provides a higher 

hardness (310.22 HV for sample B1).  Show that with increased deposition time and 

voltage hardness increased due to the improvement in depth morphology, distribution 

and increasing in HA/ TiO2 composite thickness which can be clearly observed in 

AFM results [143]. The thicker coating (B11) has the higher value of hardness 

(368.1HV) among the other samples.  In Figure (4.45) addition of nano-ZrO2 recorded 

to the electrolyte provide excellent tribological behavior of hardness in comparison 

with samples A and B, with increasing the voltage and deposition time of ZrO2/TiO2  

the hardness increased until (466.7HV for sample C11)  and (367.8HV for sample C4), 

due to the decrease of pores which indicated by the SEM images. 

 

Figure (4.44): Relationship between the voltage, deposition time and the micro-

hardness of coatings at HA/TiO2 by MAO process. 
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Figure (4.45): Relationship between the voltage, deposition time and the micro-

hardness of coatings at ZrO2/TiO2 by MAO process. 
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Figure (4.46): Relationship between the voltage, deposition time and the micro-

hardness of coatings at HA/ZrO2/TiO2 by MAO process. 
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Figure (4.47): Relationship between wear rate and test time for Ti-6Al-7Nb alloy 

substrate. 
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Figure (4.48): Relationship of TiO2 coating by MAO process at (300V). 
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Figure (4.50): Relationship of TiO2 coating by MAO process at 400V. 
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Figure (4.51): Relationship of HA/TiO2 coating by MAO process at 300V. 

 

 

Figure (4.52): Relationship of HA/TiO2 coating by MAO process at 350V. 
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Figure (4.53): Relationship of HA/TiO2 coating by MAO process at 400V. 

 

 The weight loss for samples is tested with deposited using the nano-ZrO2 in the 

electrolytes gave the best wear resistance and low wear rate (2.15 × 10−5) for 

samples at C4 in Figures (4.54).  It can be observed that the weight loss decreased 

due to the increasing of voltage and time in Figure (4.55) and (4.56) equal to value 

(1.06 × 10−7). The nanoparticles addition leads to the formation of coatings with 

low porosity, which improves the mechanical and tribological performance, the 

control of the coating characteristics (porosity distribution, homogeneity in 

thickness) by the MAO parameters allows improving the mechanical and 

tribological properties [146]. 

  

0.00E+00

2.00E-07

4.00E-07

6.00E-07

8.00E-07

1.00E-06

1.20E-06

1.40E-06

0 5 10 15 20 25 30 35

W
ea

r 
ra

te
 (

g
/m

)

Time (min)

B9

B10

B11

B12



Chapter Four                                                      Results and Discussion 

 162 

 

Figure (4.54): Relationship of ZrO2/TiO2 coating by MAO process at 300V. 

 

 

Figure (4.55): Relationship of ZrO2/TiO2 coating by MAO process at 350V. 
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Figure (4.56): Relationship of ZrO2/TiO2 coating by MAO process at 400V. 
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Figure (4.57): Relationship of HA/ZrO2/TiO2 coating by MAO process at 300V. 

 

 

Figure (4.58): Relationship of HA/ZrO2/TiO2 coating by MAO process at 350V. 
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Figure (4.59): Relationship between wear rate and time of HA/ZrO2/TiO2 coating by 

MAO process at 400V. 
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However, HA has poor mechanical properties. Particularly for artificial joints and 

dental implants, the adhesion strength between HA or other biomaterial coatings and 

metallic implants is important to ensure long-term fixation [149].  

 
Figure (4.60): Relationship between adhesion strength and time of TiO2 coating by 

MAO process with different parameters. 
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     In Figure (4.62), adhesion strength of ZrO2/TiO2 coating by MAO process show 

that decreased gradually, with increased voltage, time and thickness coating equal to 

(36.2MPa) for sample C1 to (12.7MPa) for sample C12. In Figure (4.63) show that 

lower adhesion strength of nanocomposite ceramic coating HA/ZrO2/TiO2 coating for 

sample D1 equal to (28MPa) compared for other samples and decreased with thickness 

reached to (2.78 MPa) for sample D12. 

 
Figure (4.62): Relationship between adhesion strength and time of ZrO2/TiO2 coating 

by MAO process with different voltage. 

 
Figure (4.63): Relationship between adhesion strength and time of HA/ZrO2/TiO2 

coating by MAO process with different parameters. 
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4.7 Contact Angle Test 

     Contact angle is an important measurement method to evaluate material surface 

wettability was also found to be another important aspect in improving the bioactivity 

of titanium surfaces.  

     Figures (4.64-4.66) show the contact angles tested of TiO2 by MAO coatings 

prepared at various voltages and deposition times in Ringer’s and Saliva’s solution. 

The contact angle of the specimen decreases dramatically after MAO treatment with 

increase of surface roughness and porosity. The contact angle reached value to (56.74° 

for sample A1 in ringer’s solution and 54.7° in saliva’s solution) and decreased with 

increase voltage and deposition time reached to (0° for sample A12 in ringer solution 

and 3.1° in saliva solution). The increase wettability of the MAO treated because a  

large amount of micro/nano-pores formed on the oxidation coating surface caused its 

specific surface area to increase, which benefited water retention,  MAO processing 

resulted in an uneven coating surface, increased roughness, increased absorbability, 

and decreased contact angles, all of which together affected the surface energy; and the 

OH and O2 oxygen-containing groups formed on the coating surface effectively 

introduced hydrophilic groups, changing the number of polar groups on the coating 

surface and causing surface polarity to increase, resulting in an increase in the surface 

energy [150]. 
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Figure (4.64): Results of contact angle in TiO2 at 300V in Ringer’s and Saliva’s 

solutions. 

 
Figure (4.65): Results of contact angle in TiO2 at 350V in Ringer’s and Saliva’s 

solution. 
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Figure (4.66): Results of contact angle in TiO2 at 400V in Ringer’s and Saliva’s 

solution. 
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Figure (4.67): Results of contact angle in HA/TiO2 at 300V in Ringer’s and Saliva’s 

solution. 

 
Figure (4.68): Results of contact angle in HA/TiO2 at 350V in Ringer’s and Saliva’s 

solution. 
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Figure (4.69): Results of contact angle in HA/TiO2 at 400V in Ringer’s and Saliva’s 

solution. 
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Figure (4.70): Results of contact angle in ZrO2/TiO2 at 300V in Ringer’s and Saliva’s 

solution. 

 
Figure (4.71): Results of contact angle in ZrO2/TiO2 at 350V in Ringer’s and Saliva’s 

solution. 
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Figure (4.72): Results of contact angle in ZrO2/TiO2 at 400V in Ringer’s and Saliva’s 

solution. 
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Figure (4.73): Results of contact angle at 300V in HA/ZrO2/TiO2 in Ringer’s and 

Saliva’s solution. 

 
Figure (4.74): Results of contact angle at 350V in HA/ZrO2/TiO2 in Ringer’s and 

Saliva’s solution. 
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Figure (4.75): Results of contact angle at 400V in HA/ZrO2/TiO2 in Ringer’s and 

Saliva’s solution. 

     4.8 Corrosion Behavior Tests  

       Investigation of corrosion behavior of coating is obtained by potentiodynamic and 
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4.8.1 Open Circuit Potential (OCP)- Time Measurements  
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change is related to the formation of an oxide film that passivates the metallic surface. 

On the other hand, OCP profiles for MAO treated samples exhibited very stable 

potentials during the test.  

 

 

Figure (4.76): OCP-time of TiO2 by MAO process: (a) in Ringer’s solution, and (b) in 

Saliva’s solution. 
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      Figures 4.77(a), and (b) and 4.78 (a), and (b) show the OCP evolution for HA/TiO2 

and ZrO2/TiO2 nanocomposite ceramic coating by MAO process with different 

voltages and time in two solutions (Ringer’s & Saliva’s). They showed a stable scan 

with nobler potential values than non-coated sample while for the MAO sample, the 

OCP increased with the voltage and time until it stabilized at a stationary value more 

positive for sample B11. A variety of parameters of the surface oxide films 

(composition, phases, and structural defects as porosity and cracking) could explain the 

different susceptibility to degradation of the modified surface. In Figure 4.79 (a), and 

(b), the OCP values are measured to HA/ZrO2/TiO2 nanocomposite ceramics coating 

by MAO process. The higher of the sedimentation time or the voltage value, the more 

inert.  

 

 

-500

-475

-450

-425

-400

-375

-350

-325

-300

-275

-250

-225

-200

-175

-150

-125

-100

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170

P
o

te
n

ti
al

   
(m

V
)

Time  (min)

Base

B1

B2

B3

B4

B5

B6

B7

B8

B9

B10

B11

B12

(a)
 



Chapter Four                                                      Results and Discussion 

 179 

 

Figure (4.77): OCP-time of HA/TiO2 by MAO process: (a) in Ringer’s solution, and 

(b) in Saliva’s solution. 
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Figure (4.78): OCP-time of ZrO2/TiO2 by MAO process: (a) in Ringer’s solution, and 

(b) in Saliva’s solution. 
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Figure (4.79): OCP-time of HA/ZrO2/TiO2 by MAO process: (a) in Ringer’s solution, 

and (b) in Saliva’s solution. 
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Figure (4.80): Potentiodynamic polarization curves of TiO2 coated by MAO process 

and base at different time and applied voltages 300V in Ringer’s solution. 

 
Figure (4.81): Potentiodynamic polarization curves of TiO2 coated by MAO process 

and base at different time and applied voltages 350V in Ringer’s solution. 
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Figure (4.82): Potentiodynamic polarization curves of TiO2 coated by MAO process 

and base at different time and applied voltages 400V in Ringer’s solution. 

Table (4.6): Electrochemical parameters of substrate and TiO2 coated MAO at different 

applied voltages and time in Ringer’s solution. 

Sample 

Code 

OCP 

(mV) 

Icorr. 

(µA) 

icorr. 

(µA/cm2) 

Ecorr. 

(mV) 
CR*𝟏𝟎−𝟑 

(mpy) 

Improvement 

percentage(%) 

Base -441 9.059 6.8284 -533 8.437 / 

A1 -359 6.599 4.9741 -440 6.146 27 

A2 -379 5.574 4.2015 -450 5.191 38.5 

A3 -318 3.988 3.006 -490 3.714 56 

A4 -288 3.736 2.8161 -342 3.48 58.7 

A5 -318 1.439 1.0846 -385 1.34 84 

A6 -331 1.235 0.9309 -410 1.15 86 

A7 -239 0.1197 0.0902 -341 0.1114 98 

A8 -308 1.397 1.053 -438 1.3 85.6 

A9 -321 3.568 2.6894 -485 3.323 60.6 

A10 -310 2.709 2.0419 -452 2.523 70 

A11 -344 1.810 1.3643 -390 1.686 80 

A12 -397 1.811 1.3650 -405 1.68 79.8 
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      It can be seen from the results obtained in Table (4.6), the uncoated substrate has 

higher corrosion current density (icorr= 6.8284 μA/cm2) and thus lowest corrosion 

resistance because of the occurrence of metal ions dissolution on the surface of the 

uncoated substrate. After coating by TiO2, it can be observed that the corrosion current 

density of all coated samples by MAO decreases and corrosion rate, this mean that the 

TiO2 coating provides a protective layer on the substrate surface that would reduce the 

corrosion rate. When coating at 300 V in Figure (4.80) and this Table (4.6), a lowest 

corrosion current (icorr.= 4.9741, 4.2015, 3.006, and 2.8161 μA/cm2)  for samples (A1, 

A2, A3, and A4) and the increases corrosion potential of the specimens is obtained and 

this result has the lowers corrosion rate equal to (CR= 3.48 ×10-3 mpy) for sample A4 

therefore, corrosion resistance is enhanced. In addition, the surface structure of the film 

also affects the corrosive properties of the material. Denser and thicker oxide layers 

can make materials generally exhibit better corrosion resistance as shown Figure (4.81) 

decreased corrosion current density and corrosion rate reached (icorr.= 0.0902µA/cm2), 

(CR=0.1114×10-3 mpy) respectively, for sample A7 at (350V & 30min). With increased 

voltage to (400V) in Figure (4.82) shows that porosity affected the corrosion behavior 

of highly porous with high voltage where decreased corrosion resistance because 

increased  icorr.  (2.6894, 2.0419, 1.3643, and 1.3650) µA/cm2 and CR (3.323, 2.523, 

1.686, and 1.68) 10-3mpy for samples (A9, A10, A11, and A12).  

    The corrosion behavior of porous metallic materials has in the present work, the 

oxygen/air entrapped in the most inner pores neither the difficulty of electrolyte 

penetration into these pores, which may lead to different passive states on the native 

oxide film. Nevertheless, the corrosion rate of highly porous structures is not just 

influenced by the surface area. Although Ti is known for its high resistance to 

localized corrosion, and the localized breakdown of its passive film occurs at relatively 
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higher potentials, stated that the increased corrosion density with the increased porosity 

level is due to the larger surface area in contact with the electrolyte, but crevices or 

restrictions to the flow of species into the interconnected pores can result in corrosion 

rates that are not proportional to the real contact surface area. Although these 

difficulties may result in increased corrosion kinetics, excellent passivation 

characteristics are still reported in the literature for porous Ti structures.  

    On the other hand, also reported decreased corrosion susceptibility (less negative 

values of Ecorr.) with increasing amount of porosity, since the interconnected pores 

promoted the free flow of ionic species, whereas isolated pores trapped the electrolyte 

and exhausted the oxygen supply, resulting in a thinner oxide film. Apart from 

electrolyte penetration, entrapped air, and free flow of species [153].  

    The corrosion behavior in Saliva’s solution of the alloy and coated samples (A) TiO2 

by MAO process in Figures (4.83-4.85) respectively, and Table (4.7), it is clear, that 

the specimen showed relatively similar behavior to that observed in saliva's solution 

such as MAO process for alloy improved corrosion resistance because of reduction in 

corrosion current [154].  
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Figure (4.83): Potentiodynamic polarization curves of TiO2 coated on Ti-6Al-7Nb 

alloy by MAO process and base at different time and applied voltages 300V in Saliva’s 

solution. 

 
Figure (4.84): Potentiodynamic polarization curves of TiO2 coated on Ti-6Al-7Nb 

alloy by MAO process and base at different time and applied voltages 350V in Saliva’s 

solution. 
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Figure (4.85): Potentiodynamic polarization curves of TiO2 coated on Ti-6Al-7Nb 

alloy by MAO process and base at different time and applied voltages 400V in saliva’s 

solution. 

Table (4.7): Electrochemical parameters of substrate and TiO2 coated at different MAO 

applied voltages and time in Saliva’s solution. 

Sample 

Code 

OCP 

(mV) 

Icorr. 

(µA) 

icorr. 

(µA/cm2) 

Ecorr. 

(mV) 
CR*𝟏𝟎−𝟑 

(mpy) 

Improvement 

percentage(%) 

Base -376 9.424 7.103 -579 8.777 / 

A1 -369 8.991 6.777 -453 8.37 4.63 

A2 -339 8.425 6.350 -362 7.8 11.13 

A3 -290 5.781 4.357 -365 5.4 38.47 

A4 -305 4.616 3.479 -491 4.3 51 

A5 -241 1.587 1.196 -548 1.47 83.25 

A6 -217 1.309 0.986 -518 1.22 86.1 

A7 -140 1.106 0.833 -472 1.03 88.26 

A8 -252 1.301 0.980 -499 1.21 86.21 

A9 -267 4.327 3.261 -547 4 54.4 

A10 -325 3.865 2.913 -432 3.6 59 

A11 -229 1.599 1.205 -529 1.48 83.13 

A12 300 1.957 1.475 -392 1.8 79.5 
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       It is clear from Table (4.6) and Table (4.7), that the specimens in Saliva's solution 

showed relatively higher corrosion rate compared to specimens in Ringer's solution 

and this is ascribed to changing the type of biological solution. From the results of the 

potential for various parameters for coating specimens we observed the best corrosion 

resistance for specimen A7 at (350V & 30min) has lower corrosion current density 

(icorr.=0.833μA/cm2) and thus lower corrosion rate (CR= 1.03×10-3 mpy). These results 

indicate stability behavior of TiO2 coating with increased thickness coating but at high 

voltage (400V) increased porosity led to increased corrosion current density and 

corrosion rate, in Figure (4.85) icorr. equal to (3.261, 2.913, 1.205, and 1.475) µA/cm2 

and CR (4, 3.6, 1.48, and 1.8) ×10-3 mpy for samples (A9, A10, A11, and A12).  

      One of the two aims of surface modification of medical alloys is to protect the 

surface against corrosion which needs a porosity free surface to reduce the active ion 

attachment to the base metal and the second aim is to create a rough and porous surface 

to enhance the tissue-implant bonding [155]. 

     The potentiodynamic polarisation curves of the nanocomposite ceramics HA/TiO2 

coating by MAO process with different parameters (voltage and time) in the Ringer’s 

solution in Figures (4.86-4.88) respectively, and Table (4.8). the HA/TiO2 coated Ti-

6Al-7Nb alloy showed coating provides a protective layer on the substrate surface that 

would reduce the corrosion rate (CR) and current density (icorr.) and increased corrosion 

potential (Ecorr.). These results indicate stability behavior of HA/TiO2 composite 

coating layer, so with increase of concentration of coating material the corrosion 

resistance increase. Along with an improvement of corrosion resistance, this HA/TiO2 

coating can change the properties of the surface on the materials without affecting the 

properties of the bulk [123].  

     The corrosion current and calculated corrosion rate are relatively measured of 

corrosion and illustrated how much material is lost during the corrosion process. 
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Hence, the higher current density and calculated corrosion rate cause more materials 

lost. HA/ TiO2 composite coating can reduce corrosion rate of the coating implant in 

human body, hence reduce the metallic ions release. 

     The improvement corrosion resistance of HA/TiO2 nanocomposite coating with 

increased voltage and time (icorr.)  equal to (5.349, 4.510, 3.441, and 4.229) µA/cm2 for 

samples B1, B2, B3, and B4 and (CR) (6.61, 5.573, 4.25, and 5.226) ×10-3mpy to (2.894, 

2.669, 1.732, and 2.082 ) µA/cm2 and (3.5, 3.23, 2.14, and 2.573)×10-3mpy for sample 

B5, B6, B7, and B8 in Ringer′s solution. The best improvement corrosion resistance and 

percentage for specimen B11 at (400V and 30min) is (87.4%). 

 
Figure (4.86): Potentiodynamic polarization curves of HA/TiO2 coated on Ti-6Al-7Nb 

alloy by MAO process and base at different time and applied voltages 300V in 

Ringer’s solution. 
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Figure (4.87): Potentiodynamic polarization curves of HA/TiO2 coated on Ti-6Al-7Nb 

alloy by MAO process and base at different time and applied voltages 350V in 

Ringer’s solution. 

 
Figure (4.88): Potentiodynamic polarization curves of HA/TiO2 coated on Ti-6Al-7Nb 

alloy by MAO process and base at different time and applied voltages 400V in 

Ringer’s solution. 
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Table (4.8): Electrochemical parameters of substrate and HA/TiO2 nanocomposite 

coated at different MAO applied voltages and time in Ringer’s solution. 

Sample 

Code 

OCP 

(mV) 

Icorr. 

(µA) 

icorr. 

(µA/cm2) 

Ecorr. 

(mV) 
CR*𝟏𝟎−𝟑 

(mpy) 

Improvement 

percentage 

(%) 

Base -441 9.059 6.828 -533 8.437 / 

B1 -497 7.097 5.349 -483 6.61 22 

B2 -397 5.984 4.510 -406 5.573 34 

B3 -376 4.566 3.441 -392 2.573 49.6 

B4 -292 5.611 4.229 -508 5.226 38 

B5 -300 3.840 2.894 -459 3.5 57.6 

B6 -262 3.542 2.669 -346 3.23 62 

B7 -200 2.298 1.732 -344 2.14 74.6 

B8 -268 2.763 2.082 -456 2.573 69.5 

B9 -255 1.854 1.397 -476 1.726 79.5 

B10 -289 1.632 1.230 -522 1.52 82 

B11 -175 1.136 0.856 -426 1.058 87.4 

B12 -200 1.196 0.901 -476 1.114 86.8 

     

     In Figures (4.89-4.91) respectively, the potentiodynamic polarisation carvers of 

HA/TiO2 nanocomposite coating with different parameters of coating in Saliva’s 

solution show that it is slimier behavior in two solutions. All samples excellent 

corrosion resistance. Showed the best improvement of corrosion resistance for sample 

B11 at (400V and 15min) is (87.83%). The specimens in saliva's solution showed 

relatively higher corrosion rate compared to specimens in ringer's solution and this is 

ascribed to changing the type of biological solution as shown in Tables (4.8) and (4.9). 

In cathodic polarization, the corrosion current decreases with increasing voltage until it 

reaches the lowest possible value. In anodic polarization, the corrosion current density 

increases with increasing voltage until it reaches voltage at which it decreases suddenly 

that due to the formation of passive film and with increasing voltage passive film broke 

and the current increases too. 
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Figure (4.89): Potentiodynamic polarization curves of HA/TiO2 coated on Ti-6Al-7Nb 

alloy by MAO process and base at different time and applied voltages 300V in Saliva’s 

solution. 

 

Figure (4.90): Potentiodynamic polarization curves of HA/TiO2 coated on Ti-6Al-7Nb 

alloy by MAO process and base at different time and applied voltages 350V in Saliva’s 

solution. 
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Figure (4.91): Potentiodynamic polarization curves of HA/TiO2 coated on Ti-6Al-7Nb 

alloy by MAO process base at different time and applied voltages 400V in Saliva’s 

solution. 

Table (4.9): Electrochemical parameters of substrate and HA/TiO2 nanocomposite 

coated at different MAO applied voltages and time in Saliva’s solution. 

Sample 

Code 

OCP 

(mV) 

Icorr. 

(µA) 

icorr. 

(µA/cm2) 

Ecorr. 

(mV) 
CR*𝟏𝟎−𝟑 

(mpy) 

Improvement 

percentage 

(%) 

Base -376 9.424 7.103 -579 8.777 / 

B1 -366 8.540 6.437 -477 7.95 9.42 

B2 -355 6.202 4.674 -419 5.776 31.19 

B3 -320 4.171 3.144 -316 4 54.44 

B4 -296 3.238 2.440 -548 3 65.8 

B5 -320 3.058 2.305 -427 2.85 67.5 

B6 -241 2.79 2.103 -390 2.56 70.8 

B7 -180 2.177 1.640 -377 2.02 74.6 

B8 -258 2.246 1.692 -463 2.1 76.9 

B9 -225 2.160 1.628 -480 2.01 77 

B10 -249 1.748 1.317 -515 1.628 81.45 

B11 -155 1.147 0.864 -485 1.068 87.83 

B12 -170 1.484 1.118 -330 1.38 84.2 
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      Properties of HA gave a useful application in coating of porous metallic implants. 

After implantation of prostheses, a close surface contact between the metallic 

prosthesis and the surrounding bone tissue is needed for subsequent bone ingrowths. 

The presence of HA in the coating of the metallic implant leads to a rapid bonding 

between HA and surrounding bone tissue. Its application in coating implants combines 

the strength and toughness of the substrate with bioactive characteristics of HA which 

can induce the surrounding bone tissue ingrowths and future formation of chemical 

bonding.     

     The efficacy of the ZrO2/TiO2 nanocomposite ceramics coating by MAO process 

with different parameters (voltage and time) in the corrosion resistance, has been 

investigated in the Figures (4.92-4.94) respectively, in the Ringer’s solution. When 

coating at (300V & 30min), a lowest corrosion current density (icorr.= 3.377μA/cm2) is 

obtained and this result highest corrosion resistance for sample C3. Improvement in the 

corrosion resistance of the ZrO2/TiO2 coated strongly depends on the surface 

morphology and phases formed in composite film. Denser and thicker film with fine 

porosity is more useful for improving the corrosion resistance by inhibiting the attack 

from (Cl-) ions in Ringer’s solution [125].  It shows that in Table (4.10), with increased 

voltage and time increased corrosion resisters by decreased corrosion current density 

(icorr.) from (1.673, 1.386, 1.231, and 1.257) µA/cm2 and corrosion rate (CR) equal 

(2.06, 1.712, 1.52, and 1.55) ×10-3 for sample C5, C6, C7, and C8 by increased 

concentration of ZrO2 in the electrolytic. According to the surface and cross-sectional 

SEM micrographs of ZrO2/TiO2 composite coating with no obvious deep pores is 

formed on its surface. As a consequence, the film overlying on samples C11 

(icorr.=0.433µA/cm2) shows highest protection efficiency against the corrosive ions 

present in physiological environment.  
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Figure (4.92): Potentiodynamic polarization curves of ZrO2/TiO2 coated on Ti-6Al-

7Nb alloy by MAO process and base at different time and applied voltages 300V in 

Ringer’s solution. 

 
Figure (4.93): Potentiodynamic polarization curves of ZrO2/TiO2 coated on Ti-6Al-

7Nb alloy by MAO process and base at different time and applied voltages 350V in 

Ringer’s solution. 
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Figure (4.94): Potentiodynamic polarization curves of ZrO2/TiO2 coated on Ti-6Al-

7Nb alloy by MAO process and base at different time and applied voltages 400V in 

Ringer’s solution. 

Table (4.10): Electrochemical parameters of substrate and ZrO2/TiO2 nanocomposite 

coated at different MAO applied voltages and time in Ringer’s solution. 

Sample 

Code 

OCP 

(mV) 

Icorr. 

(µA) 

icorr. 

(µA/cm2) 

Ecorr. 

(mV) 
CR*𝟏𝟎−𝟑 

(mpy) 

Improvement 

percentage 

(%) 

Base -441 9.059 6.828 -579 8.777 / 

C1 -386 7.311 5.510 -485 6.81 19.3 

C2 -392 6.128 4.619 -506 5.7 32.4 

C3 -330 4.481 3.377 -396 4.173 50.5 

C4 -287 4.522 3.408 -489 4.211 50 

C5 -350 2.220 1.673 -452 2.067 75.5 

C6 -359 1.839 1.386 -478 1.712 80 

C7 -370 1.634 1.231 -491 1.52 82 

C8 -325 1.668 1.257 -345 1.55 81.8 

C9 -281 1.437 1.083 -461 1.338 84 

C10 -349 1.158 0.872 -456 1.078 87.7 

C11 -208 0.5748 0.433 -422 0.5 94 

C12 -269 0.879 0.662 -430 0.8 90.5 
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     Figures (4.95-4.97), corrosion behavior of the samples coated ZrO2/TiO2 at different 

voltage and time in Saliva’s solution has a lower corrosion current density with 

corrosion rate is similar behavior in Ringer solution. This is due to thick and coarse 

ZrO2/TiO2 coated layer produced at higher deposition time and voltage during MAO 

process. On the other hand, the coating at 300 V has the lowest corrosion resistance 

(icorr.= 2.240 µA/cm2) for sample C4 than the coating at (350 and 400)V, which equals 

(1.153 and 0.784) µA/cm2 for sample C7 and C11 respectively, in Table (4.11) as a 

result of the low layer thickness compared with the other samples. Moreover, the 

presence of porosity in the microstructure that allows the penetration of the corrosive 

fluid into the substrate and corrode it. The corrosion potential (Ecorr.) for the coated 

samples raise toward values that are more positive when MAO voltage increase as it 

seen in Figure (4.97), rushed to (Ecorr.= -168 mV) for sample C11. This may be 

attributed to the increasing of coating thickness in balance with its porous structure.  

 
Figure (4.95): Potentiodynamic polarization curves of ZrO2/TiO2 coated on Ti-6Al-

7Nb alloy by MAO process and base at different time and applied voltages 300V in 

Saliva’s solution. 
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Figure (4.96): Potentiodynamic polarization curves of ZrO2/TiO2 coated on Ti-6Al-

7Nb alloy by MAO process and base at different time and applied voltages 350V in 

Saliva’s solution. 

 
Figure (4.97): Potentiodynamic polarization curves of ZrO2/TiO2 coated on Ti-6Al-

7Nb alloy by MAO process and base at different time and applied voltages 400V in 

Saliva’s solution. 
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Table (4.11): Electrochemical parameters of substrate and ZrO2/TiO2 nanocomposite 

coated at different MAO applied voltages and time in Saliva’s solution. 

Sample 

Code 

OCP 

(mV) 

Icorr. 

(µA) 

icorr. 

(µA/cm2) 

Ecorr. 

(mV) 
CR*𝟏𝟎−𝟑 

(mpy) 

Improvement 

percentage 

(%) 

Base -376 9.424 7.103 -579 8.777 / 

C1 -359 8.998 6.782 -482 8.38 4.5 

C2 -324 4.052 3.054 -489 3.773 57 

C3 -315 3.580 2.698 -217 3.33 62 

C4 -271 2.973 2.240 -542 2.76 68.55 

C5 -315 2.898 2.184 -304 2.699 69.24 

C6 -297 2.195 1.654 -458 2.04 75 

C7 -306 1.530 1.153 -169 1.424 83.7 

C8 -270 1.786 1.346 -225 1.663 81 

C9 -229 1.310 0.987 -313 1.22 86.1 

C10 -266 1.128 0.850 -184 1.05 88 

C11 -166 1.041 0.784 -168 0.969 88.13 

C12 -195 1.242 0.936 -506 1.156 86.8 

       

      Figures (4.98-4.100) illustrate the potentiodynamic polarization curves for 

HA/ZrO2/TiO2 nanocomposite ceramics coating samples in Ringer's solution for a 

different deposition time and voltage. There are a clear improvement in the 

polarization behavior after coating in the values of Ecorr. , icorr. and CR. The value of Ecorr. 

after coating is shifted towards the positive noble direction of potential. With increases 

voltage (350V) and time of HA/ZrO2/TiO2 coated layer, the value of (icorr. = 

1.554µA/cm2) reduced and (CR=1.920×10-3mpy) are also reduced for sample D7, which 

means increasing in the resistance of corrosion.  

     The appearance of cracks in the layer deposited shown in the micrograph SEM 

Figure 4.29(f), did not prevent the improvement in corrosion resistance of coated 

samples. From the data’s in Table (4.12) show approximately the same positive 

corrosion behavior (icorr.= 0.814µA/cm2) for samples D11. 
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Figure (4.98): Potentiodynamic polarization curves of HA/ZrO2/TiO2 coated on Ti-

6Al-7Nb alloy by MAO process and base at different time and applied voltages 300V 

in Ringer’s solution. 

 
Figure (4.99): Potentiodynamic polarization curves of HA/ZrO2/TiO2 coated on Ti-

6Al-7Nb alloy by MAO process and base at different time and applied voltages 350V 

in Ringer’s solution. 
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Figure (4.100): Potentiodynamic polarization curves of HA/ZrO2/TiO2 coated on Ti-

6Al-7Nb alloy by MAO process and base at different time and applied voltages 400V 

in Ringer’s solution. 

Table (4.12): Electrochemical parameters of substrate and HA/ZrO2/TiO2 

nanocomposite coated at different MAO applied voltages and time in Ringer’s 

solution. 

Sample 

Code 

OCP 

(mV) 

Icorr. 

(µA) 

icorr. 

(µA/cm2) 

Ecorr. 

(mV) 
CR*𝟏𝟎−𝟑 

(mpy) 

Improvement 

percentage 

(%) 

Base -441 9.059 6.828 -533 8.437 / 

D1 -320 7.593 5.723 -434 7.07 16.2 

D2 -306 4.954 3.734 -356 4.614 45.3 

D3 -292 3.018 2.274 -302 2.81 66.7 

D4 -294 4.812 3.627 -462 2.76 68.55 

D5 -229 2.388 1.8 -446 4.48 47 

D6 -247 2.053 1.547 -461 2.053 76.3 

D7 -251 2.062 1.554 -271 1.920 77.24 

D8 -276 2.158 1.626 -321 2 76.2 

D9 -300 1.449 1.09 -457 1.35 84 

D10 -210 1.431 1.078 -373 1.333 84.2 

D11 -160 1.08 0.814 -349 1.005 88 

D12 -225 1.201 0.905 -326 1.118 87 
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     The corrosion behavior of HA/ZrO2/TiO2 coating in Saliva’s solution in Figure 

(4.101-4.103), the icorr. value is much lower and for the increased voltage (400V). The 

shift icorr. towards the negative direction means improvement in the passivation layer 

after coating leads to reduce the icorr. value. Table (4.13), also shows that the 

passivation current density (icorr.=3.388 µA/cm2) at (-313mV)  for the HA/ZrO2/TiO2 

nanocomposite coated are much less and the specimens were passive over long range 

of positive applied voltage as can be seen from samples D3. 

     Corrosion characteristics of coatings are affected by (crystallinity, purity, brittle 

fractures, porosity and ion penetration the coating into substitution) there are brittle 

fractures possibility which can effect on the formation of passive region but this did 

not prevent the improvement in Icorr. [8]. 

 
Figure (4.101): Potentiodynamic polarization curves of HA/ZrO2/TiO2 coated on Ti-

6Al-7Nb alloy by MAO process and base at different time and applied voltages 300V 

in Saliva’s solution. 
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Figure (4.102): Potentiodynamic polarization curves of HA/ZrO2/TiO2 coated on Ti-

6Al-7Nb alloy by MAO process and base at different time and applied voltages 350V 

in Saliva’s solution. 

 

Figure (4.103): Potentiodynamic polarization curves of HA/ZrO2/TiO2 coated on Ti-

6Al-7Nb alloy by MAO process and base at different time and applied voltages 400V 

in Saliva’s solution. 
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Table (4.13): Electrochemical parameters of substrate and HA/ZrO2/TiO2 

nanocomposite coated at different MAO applied voltages and time in Saliva’s solution. 

Sample 

Code 

OCP 

(mV) 

Icorr. 

(µA) 

icorr. 

(µA/cm2) 

Ecorr. 

(mV) 
CR*𝟏𝟎−𝟑 

(mpy) 

Improvement 

percentage 

(%) 

Base -376 9.424 7.103 -579 8.777 / 

D1 -330 7.857 5.922 -521 7.317 16.63 

D2 -316 6.466 4.873 -387 6.022 31.38 

D3 -287 4.495 3.388 -313 4.186 52.3 

D4 -289 4.296 3.238 -497 4 54.42 

D5 -223 2.976 2.243 -490 2.77 68.4 

D6 -227 2.923 2.20 -540 2.72 69 

D7 -221 1.999 1.50 -236 1.86 78.8 

D8 -200 2.544 1.163 -246 2.37 73 

D9 -279 2.532 1.908 -356 2.358 73.1 

D10 -168 1.447 1.09 -525 1.347 84.65 

D11 -138 0.837 0.630 -352 0.779 91.12 

D12 -179 1.307 0.985 -313 1.217 86.1 

      Finally, nanocomposite ceramic coating HA/ZrO2/TiO2 prepared by MAO 

processes are to increasing the biocompatibility whereas, TiO2, HA/TiO2, and 

ZrO2/TiO2 are to enhance the corrosion behavior of the base metal. The corrosion 

progressed in the passive regain for the specimen coated with single layer more than 

uncoated one while the specimen coated with composite layers was quite effective 

against further corrosion due to the formation of stable oxide layer. It should be noted 

that in the medical applications, the presence of small amount of porosity is necessary 

for ingrowth the bone tissue toward the coating to produce efficient implant fixation. In 

the other word, the presence of porosity is advantageous as it enhances the 

osseointegration as a result of its bonding capability is improved to the metallic 

implants. However, the high porosity level will consider as a source for penetrating 

large amount of body fluid to the human body and become harmful. Increasing the 
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porosity level also has a negative influence on the mechanical properties, especially on 

bond strength, which will in turn lead to an easy fracture. Therefore, it proposes that 

the porosity level of the coatings must be well balanced to achieve the optimum 

mechanical and biological performance [155]. 

4.8.3 Cycle Polarization Test  

       The increased ion release rate due to different forms of localized corrosion, may 

lead to a series of undesirable biological responses and eventually, implant loosening.  

Susceptibility to these forms of corrosion is evaluated by cyclic polarization. The 

parameters obtained from the current-voltage curve can be associated with the 

localized corrosion mechanism. Typically, the reading starts at the open circuit 

potential and scans upwards until breakdown is attained. Then the direction of scan is 

inverted after specific amount of localized corrosion is established and the passive film 

is damaged [156]. The potential at which stable pit formed is called breakdown 

potential (Eb) or pitting potential (Ep). Consequently, the Ep implies the potential over 

which the pits initiated and developed. If the Ep is high, the material has high 

resistance to the pitting corrosion. The difference (ΔE) between Ep and Eprot will give 

an indication to the corrosion resistance of the sample, where the smaller ΔE value 

mean the highest corrosion resistance.   

     Figures (4.104-4.106) show the polarization curves obtained for uncoated 

Ti6Al7Nb and coating by MAO process with different parameters (voltage and time) 

in Ringer’s solution. Significant differences were observed between the curves 

obtained for each sample. For the Ti-6Al-7Nb alloy, has the lowest Ep and Eprot value 

compared to the susceptibility to pitting corrosion of the TiO2 specimens treated by 

MAO process. The cyclic polarization curves obtained for TiO2 at different voltage and 



Chapter Four                                                      Results and Discussion 

 206 

time. As noted in the Table (4.14), the extent of the hysteresis loop is highly reduced 

and therefore, the corrosion mechanism operating on the substrate surface is less active 

when the TiO2 coating.  However, changed as MAO process parameters changed to 

(EP= -310mV) for sample A3. The values obtained are quite consistent and the 

variations in the values are small keeping in mind the random nature of the MAO 

process itself, porosity of the oxide coatings and local inhomogeneity of the samples. 

 
Figure (4.104): Cycle polarization curves of the base and TiO2 coated on Ti-6Al-7Nb 

alloy by MAO process at different time at applied voltages 300V in Ringer’s solution. 
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Figure (4.105): Cycle polarization curves of TiO2 coated on Ti-6Al-7Nb alloy by 

MAO process at different time and applied voltages 350V in Ringer’s solution. 

 
Figure (4.106): Cycle polarization curves of TiO2 coated on Ti-6Al-7Nb alloy by 

MAO process at different time and applied voltages 400V in Ringer’s solution. 
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Table (4.14): Values of electrochemical parameters of substrate and TiO2 coated at 

different MAO applied voltages and time in Ringer’s solution from cyclic polarization. 

Sample 

Code 

Icorr. 

(µA) 

icorr. 

(µA/cm2) 

Ep. 

(mV) 

Eprot 

(mV) 

 

ΔE = (Ep-

Eprot) (mV) 

 

CR*

𝟏𝟎−𝟑 

(mpy) 

Improvement 

percentage 

(%) 

Base 9.505 7.164 -780 -630 -150 8.852 / 

A1 7.132 5.375 -330 -300 -30 6.64 25 

A2 6.908 5.207 -350 -300 -50 6.433 27.3 

A3 4.739 3.572 -310 -60 -250 4.413 50 

A4 5.418 4.083 -162 -40 -122 5.046 43 

A5 2.659 2.004 -270 450 -740 2.476 72 

A6 2.151 1.621 -280 80 -360 2 77.4 

A7 2.463 1.856 -100 160 -260 2.293 74 

A8 2.537 1.912 -310 -55 -256 2.363 73.3 

A9 1.969 1.484 -204 -30 -274 1.833 79.3 

A10 1.694 1.276 -313 -40 -273 1.577 82 

A11 1.118 0.84 -316 -100 -216 1.04 88.25 

A12 1.636 1.233 -120 50 -170 1.523 82.7 

      Figures (4.107-4.109) values of Ep  and icorr. obtained for the TiO2 treated alloys by 

MAO indicated lower corrosion rate and ΔE values for the specimen A8 in Saliva’s 

solution (-190 mV) compared of uncoated alloy. Although these results agree with the 

behavior of the samples during the values are different from tests, probably due to the 

change in the nature of the passive film (film thickness increases) during the cyclic 

polarization scan. A significant effect in enhancing the corrosion resistance of the alloy 

was noticeable because of the MAO process rushed to (-128mV) for sample A11.  

     In general, the corrosion current density values obtained for TiO2 treated by MAO 

process on Ti-6Al-7Nb alloy were lower values in two solution.  
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Figure (4.107): Cycle polarization curves of TiO2 coated on Ti-6Al-7Nb alloy by 

MAO process at different time and applied voltages 300V in Saliva’s solution. 

 
Figure (4.108): Cycle polarization curves of TiO2 coated on Ti-6Al-7Nb alloy by 

MAO process at different time and applied voltages 350V in Saliva’s solution. 

-1
-0.95

-0.9
-0.85

-0.8
-0.75

-0.7
-0.65

-0.6
-0.55

-0.5
-0.45

-0.4
-0.35

-0.3
-0.25

-0.2
-0.15

-0.1
-0.05

0
0.05

0.1
0.15

1E-08 0.0000001 0.000001 0.00001 0.0001 0.001 0.01 0.1

P
o

ti
an

ia
l  

   
(V

)

Log I (µA)

Base

A1

A2

A3

A4

-1

-0.9

-0.8

-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

1E-08 0.0000001 0.000001 0.00001 0.0001 0.001 0.01

P
o

ti
an

ia
l (

V
)

Log I   (µA) 

Base

A5

A6

A7

A8



Chapter Four                                                      Results and Discussion 

 210 

 
Figure (4.109): Potentiodynamic polarization curves of TiO2 coated on Ti-6Al-7Nb 

alloy by MAO process at different time and applied voltages 400V in Saliva’s solution. 

Table (4.15): Values of electrochemical parameters of substrate and TiO2 coated at 

different MAO applied voltages and time in Saliva’s solution from cyclic polarization. 

Sample 

Code 

Icorr. 

(µA) 

icorr. 

(µA/cm2) 

Ep.(

mV) 

 

Eprop. 

(Mv) 

ΔE = (Ep-

Eprot) 

(mV) 

 

CR*

𝟏𝟎−𝟑 

(mpy) 

Improvement 

percentage 

(%) 

Base 9.750 7.34 -750 -515 -235 9.08 / 

A1 8.543 6.439 -570 -390 -180 8 11.89 

A2 6.566 4.949 -700 -465 -225 6.115 32.6 

A3 6.397 4.821 -580 -289 -181 5.95 34.5 

A4 4.587 3.457 -561 -500 -61 4.27 53 

A5 1.841 1.387 -590 -481 -109 1.714 81.12 

A6 1.451 1.093 -476 -336 -140 1.351 85 

A7 0.680 0.512 -612 -520 -92 0.634 93 

A8 0.977 0.736 -680 -490 -190 0.91 90 

A9 4.330 3.263 -509 -410 -99 4.03 55.6 

A10 3.797 2.862 -437 -409 -28 3.5 61.4 

A11 2.629 1.981 -508 -380 -128 2.25 75.2 

A12 3.164 2.384 -410 -273 -137 2.94 67.6 
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     Figures (4.110-4.112) corrosion potential (Ecorr.)  or pitting potential (Ep) and the 

corrosion current density (icorr.) were determined from the cyclic polarization tests in 

the HA/TiO2 nanocomposite coating in Ringer’s solution. It is reported that HA coated 

titanium alloys showed increased metal dissolution in the system through the passive 

film. values HA/TiO2 coated samples are arranged in ascending manner according to 

their Ep values in Table (4.16): (Ep=-346 mV) for sample B1 rushed (Ep= -207mV) for 

sample B11. From these results, the value of Ep is increased with increasing voltage 

and time because increasing the coating layer porosity and thickness when using high 

voltage and time in the MAO process which is agree with the results conducted from 

the potentiodynamic results [156]. As stated previously, the resistance of pitting 

corrosion increased with increasing of Ep value. Therefore, based on this role, the 

deposition at 400V for sample B11 has the higher resistance to pitting corrosion due to 

it is high Ep value as compared with the other coated samples.  

 
Figure (4.110): Cycle polarization curves of HA/TiO2 coated on Ti-6Al-7Nb alloy by 

MAO process at different time and applied voltages 300V in Ringer’s solution. 
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Figure (4.111): Cycle polarization curves of HA/TiO2 coated on Ti-6Al-7Nb alloy by 

MAO process at different time and applied voltages 350V in Ringer’s solution. 

 

Figure (4.112): Cycle polarization curves of HA/TiO2 coated on Ti-6Al-7Nb alloy by 

MAO process at different time and applied voltages 400V in Ringer’s solution. 
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Table (4.16): Values of electrochemical parameters of substrate and HA/TiO2 coated at 

different MAO applied voltages and time in Ringer’s solution from cyclic polarization. 

Sample 

Code 

Icorr. 

(µA) 

icorr. 

(µA/cm2) 

EP 

(mV) 

Eprot 

(mV) 

 

ΔE = (Ep-

Eprot) (mV) 

 

CR*

𝟏𝟎−𝟑 

(mpy) 

Improvement 

percentage 

(%) 

Base 9.505 7.164 -780 -630 -150 8.852 / 

B1 9.067 6.834 -546 -300 -246 8.44 4.65 

B2 6.224 4.691 -320 15 -335 5.79 34.5 

B3 4.370 3.294 -124 200 -324 4.07 54 

B4 4.551 3.430 -400 -100 -300 4.23 52.2 

B5 3.989 3 -300 -100 -200 3.715 58 

B6 3.571 2.69 -184 -32 -152 3.32 62.5 

B7 2.151 1.621 -286 180 -466 2 77.4 

B8 2.454 1.849 -284 90 -374 2.285 74 

B9 2.011 1.515 -181 -20 -161 1.87 78.8 

B10 1.704 1.284 -97 -43 -54 1.58 82 

B11 1.118 0.842 -207 -23 -184 1.04 88.25 

B12 1.377 1.037 -260 -27 -233 1.282 85.5 

 

    The cyclic polarization of the HA/TiO2 coated at different voltage and deposition 

time has been investigated also in the Saliva’s solution as illustrated in Figures (4.113-

4.115). Show that the HA/TiO2 is the same behavior in Ringer’s solution.  The lowest 

value of ΔE and current density for the specimen coated with increased voltage and 

time and increased Ep show that improvement percentage is 95.7% for sample B11. 

Therefore, based on the results from the cyclic polarization curves, it is suppose that 

coating layer at MAO process a strong ability to act as barrier to prevent the localized 

corrosion attack of many aggressive ions appeared in Ringer's and Saliva solution 

during the corrosion test. 
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Figure (4.113): Cycle polarization curves of HA/TiO2 coated on Ti-6Al-7Nb alloy by 

MAO process at different time and applied voltages 300V in Saliva’s solution. 

 
Figure (4.114): Cycle polarization curves of HA/TiO2 coated on Ti-6Al-7Nb alloy by 

MAO process at different time and applied voltages 350V in Saliva’s solution. 
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Figure (4.115): Cycle polarization curves of HA/TiO2 coated on Ti-6Al-7Nb alloy by 

MAO process at different time and applied voltages 400V in Saliva solution. 

Table (4.17): Values of electrochemical parameters of substrate and HA/TiO2 coated at 

different MAO applied voltages and time in Saliva’s solution from cyclic polarization. 

Sample 

Code 

Icorr. 

(µA) 

icorr. 

(µA/cm2) 

Ep. 

(mV) 

Eprot 

(mV) 

 

ΔE = (Ep-

Eprot) (mV) 

 

CR*

𝟏𝟎−𝟑 

(mpy) 

Improvement 

percentage 

(%) 

Base 9.750 7.34 -750 -515 -235 9.08 / 

B1 3.549 2.675 -550 -520 -30 3.3 63.6 

B2 3.229 2.433 -589 -310 -279 3 67 

B3 3.004 2.347 -672 -620 -52 2.76 69.3 

B4 2.451 1.847 -610 -378 -242 2.28 74.8 

B5 2.394 1.804 -567 -512 -55 2.22 75.5 

B6 2.236 1.685 -687 -433 -254 2.08 77 

B7 1.667 1.256 -550 -311 -239 1.5 83.5 

B8 2.046 1.542 -618 -428 -190 1.9 79 

B9 1.377 1.037 -680 -447 -233 1.28 86 

B10 1.028 0.774 -684 -465 -219 0.98 89.2 

B11 0.415 0.312 -540 -393 -147 0.387 95.7 

B12 0.586 0.441 -644 -350 -294 0.546 94 
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      In Figures (4.116-4.118) respectively, and Table (4.18), the coated sample 

ZrO2/TiO2 nanocomposite coating in solution Ringer’s has highest pitting and 

protection potential (Ep=-110mV) for sample C3 with an open hysteresis loop where 

this polarization behavior tends to be resistance to the localized corrosion. In addition, 

the lowest value of (ΔE =-685 mV) for sample C11 is obtained and consequently this 

sample would have the more resistance to pitting corrosion and increased with voltage 

and time. This mean that this sample has appropriately hinder the pit initiation and 

propagation.  

 

Figure (4.116): Cycle polarization curves of ZrO2/TiO2 coated on Ti-6Al-7Nb alloy by 

MAO process at different time and applied voltages 300V in Ringer’s solution. 
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Figure (4.117): Cycle polarization curves of ZrO2/TiO2 coated on Ti-6Al-7Nb alloy by 

MAO process at different time and  applied voltages 350V in Ringer’s solution. 

 

Figure (4.118): Cycle polarization curves of ZrO2/TiO2 coated on Ti-6Al-7Nb alloy by 

MAO process at different time and applied voltages 400V in Ringer’s solution. 
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Table (4.18): Values of electrochemical parameters of substrate and ZrO2/TiO2 coated 

at different MAO applied voltages and time in Ringer’s solution from cyclic 

polarization. 

Sample 

Code 

Icorr. 

(µA) 

icorr. 

(µA/cm2) 

EP. 

(mV) 

Eprot 

(mV) 

 

ΔE = (Ep-

Eprot) (mV) 

 

CR*

𝟏𝟎−𝟑 

(mpy) 

Improvement 

percentage 

(%) 

Base 9.505 7.164 -780 -630 -150 8.852 / 

C1 6.348 4.784 -180 220 -400 5.912 33.2 

C2 6.223 4.690 -46 400 -446 5.79 34.5 

C3 5.250 3.957 -110 -90 -30 4.88 44.8 

C4 2.574 1.940 -280 -108 -172 2.39 73 

C5 2.001 1.508 -659 -650 -9 1.86 79 

C6 1.981 1.493 -805 -610 -295 2 77.4 

C7 1.531 1.154 -848 -200 -648 1.845 79.15 

C8 1.744 1.314 -764 -750 -16 1.624 81.6 

C9 1.608 1.212 -610 -505 -105 1.49 83 

C10 1.432 1.079 -380 -300 -80 1.333 85 

C11 1.058 0.797 -785 -100 -685 1.01 88.5 

C12 1.227 0.924 -708 -110 -598 1.142 87 

 

     The cycle polarization in the ZrO2/TiO2 coating of the Saliva’s solution show high 

corrosion in pitting same behavior in ringer’s solution as shown in Figures (4.119 -

4.121). Have maximum value (Ep =30mV) for sample C11. Corrosion resistance 

(affected by film features) is expected to increase for longer deposition time or 

increased current density during the MAO process. 
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Figure (4.119): Cycle polarization curves of ZrO2/TiO2 coated on Ti-6Al-7Nb alloy by 

MAO process at different time and applied voltages 300V in Saliva’s solution. 

 

Figure (4.120): Cycle polarization curves of ZrO2/TiO2 coated on Ti-6Al-7Nb alloy by 

MAO process at different time and applied voltages 350V in Saliva’s solution. 
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Figure (4.121): Cycle polarization curves of ZrO2/TiO2 coated on Ti-6Al-7Nb alloy by 

MAO process at different time and applied voltages 400V in Saliva’s solution. 

Table (4.19): Values of electrochemical parameters of substrate and ZrO2/TiO2 coated 

at different MAO applied voltages and time in Saliva’s solution from cyclic 

polarization. 

Sample 

Code 

Icorr. 

(µA) 

icorr. 

(µA/cm2) 

Ep. 

(mV) 

Eprot 

(mV) 

 

ΔE = (Ep-

Eprot) 

(mV) 

CR*

𝟏𝟎−𝟑 

(mpy) 

Improvement 

percentage (%) 

Base 9.750 7.34 -750 -515 -235 9.08 / 

C1 5.850 4.409 -436 -150 -286 5.448 40 

C2 5.113 3.854 -488 -197 -291 4.76 47.5 

C3 3.877 2.922 -400 -220 -180 3.61 60.24 

C4 2.965 2.234 -250 -120 -130 2.76 69.6 

C5 2.597 1.957 -549 -500 -49 2.118 73.3 

C6 2.536 1.911 -566 -612 36 2.362 74 

C7 2.263 1.705 -220 -86 -134 2.107 76.8 

C8 2.414 1.819 -490 -674 184 2.248 75.2 

C9 1.853 1.396 -280 -157 -123 1.726 81 

C10 1.567 1.181 -220 -100 -120 1.46 84 

C11 1.064 0.802 30 100 -70 0.99 89 

C12 1.309 0.986 -110 30 -140 1.219 86.5 
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     Figures (4.122-4.127) show the corrosion behavior of HA/ZrO2/TiO2 

nanocomposite coating with different parameters in two solutions (Ringer’s and 

Saliva’s). They show high resistance for pitting corrosion with increased voltage and 

time. This is attributed to the dependence of the film features on subtle changes in 

MAO process parameters and the uneven surfaces attained in some of the conditions 

due to successive breakdown of the film. 

 

Figure (4.122): Cycle polarization curves of HA/ZrO2/TiO2 coated on Ti-6Al-7Nb 

alloy by MAO process at different time and applied voltages 300V in Ringer’s 

solution. 
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Figure (4.123): Cycle polarization curves of HA/ZrO2/TiO2 coated on Ti-6Al-7Nb 

alloy by MAO process at different time and applied voltages 350V in Ringer’s 

solution. 

 
Figure (4.124): Cycle polarization curves of HA/ZrO2/TiO2 coated on Ti-6Al-7Nb 

alloy by MAO process at different time and applied voltages 400V in Ringer’s 

solution. 
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Table (4.20): Values of electrochemical parameters of substrate and HA/ZrO2/TiO2 

coated at different MAO applied voltages and time in Ringer’s solution from cycle 

polarization. 

Sample 

Code 

Icorr. 

(µA) 

icorr. 

(µA/cm2) 

Ep. 

(mV) 

Eprot 

(mV) 

 

ΔE = (Ep-

Eprot) (mV) 

 

CR*

𝟏𝟎−𝟑 

(mpy) 

Improvement 

percentage 

(%) 

Base 9.505 7.164 -780 -630 -150 8.852 / 

D1 6.565 4.948 -720 -616 -104 6.114 31 

D2 5.748 4.332 -717 -675 -42 5.353 39.5 

D3 4.701 3.543 -190 -100 -90 4.378 50.5 

D4 4.507 3.397 -405 -400 -5 4.197 52.5 

D5 2.703 2.037 -700 -360 -340 2.517 71.5 

D6 2.084 1.570 -480 -372 -108 1.94 78 

D7 1.907 1.437 -483 -370 -113 1.776 79.15 

D8 1.878 1.415 -312 -213 -99 1.749 80 

D9 1.807 1.362 -692 -370 -322 1.75 80.23 

D10 1.669 1.258 -400 -318 -82 1.554 82.44 

D11 1.207 0.909 -513 -305 -208 1.124 87 

D12 1.807 1.362 -700 -500 -200 1.683 81 

 
Figure (4.125): Cycle polarization curves of HA/ZrO2/TiO2 coated on Ti-6Al-7Nb 

alloy by MAO process at different time and applied voltages 300V in Saliva’s solution. 
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Figure (4.126): Cycle polarization curves of HA/ZrO2/TiO2 coated on Ti-6Al-7Nb 

alloy by MAO process at different time and applied voltages 350V in Saliva’s solution. 

 
Figure (4.127): Cycle polarization curves of HA/ZrO2/TiO2 coated on Ti-6Al-7Nb 

alloy by MAO process at different time and applied voltages 400V in Saliva’s solution. 
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Table (4.21): Values of electrochemical parameters of substrate and HA/ZrO2/TiO2 

coated at different MAO applied voltages and time in Saliva’s solution from cyclic 

polarization. 

Sample 

Code 

Icorr. 

(µA) 

icorr. 

(µA/cm2) 

Ecorr. 

(mV) 

Eprot 

(mV) 

 

ΔE = (Ep-

Eprot) (mV) 

 

CR*

𝟏𝟎−𝟑 

(mpy) 

Improvement 

percentage 

(%) 

Base 9.750 7.349 -750 -515 -235 9.08 / 

D1 7.430 5.6 -612 -506 -106 7 23 

D2 6.899 5.2 -620 -450 -170 6.425 29 

D3 5.019 3.783 -440 -402 -38 4.67 48.5 

D4 4.360 3.286 -543 -520 -23 4.06 55.3 

D5 4.298 3.239 -800 -626 -176 4 56 

D6 3.1 2.336 -788 -700 -88 2.88 68.3 

D7 1.524 1.148 -394 -322 -72 1.88 79.3 

D8 2.021 1.523 -547 -513 -34 1.728 81 

D9 1.856 1.399 -680 -593 -87 1.728 81 

D10 1.462 1.102 -678 -75 -603 1.36 85 

D11 0.645 0.486 -680 -471 -209 0.6 93.4 

D12 1.309 0.986 -523 -470 -53 1.219 86.5 
 

     The cyclic nature of the MAO process where the anodic oxide first created is 

broken down and later reformed albeit at a fixed current density during the process 

time results in a composite layer coating growth which in turn results in an 

inconsistency in the measured corrosion parameters. However, the corrosion properties 

of samples treated under the same MAO process conditions and times are quite similar 

highlighted by the small standard deviation in the data. 

     Consequently, the deposition of HA/TiO2, ZrO2/TiO2, and HA/ZrO2/TiO2 

nanocomposite coating on Ti-6Al-7Nb alloy have an excellent chemical stability, 

bioactivity, and mechanical integrity. Thus, the osseointegration properties could be 

improved and used as a biofilm for hard tissue implant applications. 
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4.9 Ion Release Test  

       Element of Ti-6Al-7Nb alloy was measured for coated and uncoated samples by 

using atomic absorption spectrometry in Ringer's solution at 37°C, PH 7.4 for 21 day 

and Saliva’s solution at 37 Cº, PH 7.3 for 21 days. 

     Titanium ion release concentration in Ringer’s solution shows in Figure (4.128) of 

the uncoated sample is (0.0301ppm). The lowest corresponding numbers of coated 

TiO2 (0.0183ppm) and at HA/TiO2 coated equal (0.0074ppm) and (0.0066ppm) for 

ZrO2/TiO2 coating and finally nanocomposite coating HA/ZrO2/TiO2 reduced to 

(0.0017ppm). This means that an improvement (39.2%, 75.4%, 78%, and 94.35%).  

      Titanium ion release concentration in Saliva’s solution is shown in Figure (4.128) 

of the uncoated sample is (0.0274 ppm), the lowest corresponding numbers of sample 

TiO2, HA/TiO2, ZrO2/TiO2 and HA/ZrO2/TiO2 are (0.0191, 0.0077, 0.0048, and 

0.0011) (ppm) respectively. This means that an improvement (30%, 71.89%, 82.48% 

and 95.98%) respectively. This enhancement in reducing titanium release is more 

likely due to HA/ZrO2/TiO2 layer provides an adherent and very protective layer which 

suppresses the Ti ion releasing because it isolates the surface completely from its 

surrounding. 

     Aluminum and Niobium ions release concentration in Ringer’s solution is show in 

Figures (4.129) and (4.130) of the uncoated sample is (0.0172 and 0.0155) (ppm). The 

lowest corresponding numbers of coated TiO2 (0.0043 and 0.0030) (ppm) and for 

HA/TiO2 equal (0.0023 and 0.0024) (ppm) and (0.0019 and 0.0012) (ppm) for 

ZrO2/TiO2, and finally for HA/ZrO2/TiO2 equal to (0.0007 and 0.0004) (ppm) 

concentration of Al and Nb ion respectively. This means that improvements of Al ion 

were (75%, 86.6%, 88.95% and 96%) and Nb ion (80.6%, 84.5%, 93%, and 98.125%). 
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    In Saliva’s solution concentration of Al ion (0.016 ppm) and Nb ion (0.0147 ppm) as 

shown in Table (4.22), decreased concentration for TiO2 coating (0.0026 and 0.0020) 

(ppm) for HA/TiO2 (0.0013 and 0.0012) (ppm), (0.009 and 0.007) (ppm) for ZrO2/TiO2 

and (0.0003 and 0.00025) for sample HA/ZrO2/TiO2. The improvement percentage 

equals to (83.75%, 91.8%, 94.37%, and 98.12%) for Al ions and (86.4%, 91.8%, 

95.2%, and 98.3%) for Nb ions. 

Table (4.22): The Amount of Ti, Al, and Nb ions Concentration in Ringer's solution at 

37°C. 

Sample Code Ti Al Nb 

Ringer’s 

Solution 

Saliva’s 

Solution 

Ringer’s 

Solution 

Saliva’s 

Solution 

Ringer’s 

Solution 

Saliva’s 

Solution 

Uncoated  0.0301 0.0274 0.0172 0.0160 0.0155 0.0147 

TiO2 0.0183 0.0191 0.0043 0.0026 0.0030 0.0020 

HA/TiO2 0.0074 0.0077 0.0023 0.0013 0.0024 0.0012 

ZrO2/TiO2 0.0066 0.0048 0.0019 0.0009 0.0012 0.0007 

HA/ZrO2/TiO2 0.0017 0.0011 0.0007 0.0003 0.0004 0.00025 

 

 
Figure (4.128):  shows the amount of Ti ions concentration after immersion in Ringer's  

and Saliva’s solution for 21 days. 
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Figure (4.129):  shows the amount of Al ions concentration after immersion in Ringer's  

and Saliva’s solution for 21 days. 

 

 
Figure (4.130):  shows the amount of Nb ions concentration after immersion in 

Ringer’s and Saliva’s solution for 21 days. 
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4.10 Antibacterial Study 

      The antibacterial effect of the uncoated Ti-6Al-7Nb alloy and coating TiO2 and 

nanocomposite ceramics coating layer HA/TiO2, ZrO2/TiO2, and HA/ZrO2/TiO2 by 

MAO process. Suspensions were investigated against E.coli culture as shown in Figure 

(4.131). The formation of clear region around the disc refer to the bacterial inhibition 

zone. It can be observed that the coating samples cases exhibited good antibacterial 

effect towards E.coli after 24h of incubation period, but the uncoated alloy sample has 

a small inhibition zone as compared with the other coating samples. This is because of 

that the anatase TiO2 itself is antibacterial [157] and therefore a strong antibacterial 

effect of the composite particles is obtained. Therefore, the presence of TiO2 with nano 

particles in the HA and ZrO2 coatings were effective in preventing of bacterial 

adhesion on the surface and in turn, preventing bacteria growth that would improve the 

antibacterial activity as shown in Figures (4.132- 4.135). 

            

Figure (4.131): Visual photographs of antibacterial activity of E.coli performed for 

uncoated Ti-6Al-7Nb alloy. 
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Figure (4.132): Visual photographs of antibacterial activity of E.coli performed for 

TiO2 coated Ti-6Al-7Nb alloy. 

 

 
 

Figure (4.133): Visual photographs of antibacterial activity of E.coli performed for 

HA/TiO2 coated Ti-6Al-7Nb alloy. 
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Figure (4.134): Visual photographs of antibacterial activity of E.coli performed for 

ZrO2//TiO2 coated Ti-6Al-7Nb alloy. 

 

 

Figure (4.135): Visual photographs of antibacterial activity of E.coli performed for 

HA/ZrO2//TiO2 coated Ti-6Al-7Nb alloy. 
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Figure (4.136):  measurement diameter of inhibition zone of alloy and coating sample. 
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Conclusions and Recommendations 

5.1 Conclusions: 

In the current study, the TiO2 and nanocomposite coating HA/TiO2, ZrO2/TiO2 and 

HA/ZrO2/TiO2 has been deposited on the surface of Ti-6Al-7Nb alloy successfully by 

using micro-arc oxidation process for biomedical applications. In view of the test 

results, the following conclusions can be presented: 

1- It is observed that the TiO2 layer grown on Ti-6Al-7Nb alloy base material with 

MAO method in specified parameters has circular micro pores in rough and 

volcanic structures because of continuous micro discharges occurring during the 

process. Rutile TiO2 and anatase TiO2 phases are determined on the material 

surface following the XRD analysis.  

2- The average micro-hardness of the HA/TiO2, ZrO2/TiO2, and HA/ZrO2/TiO2 

nanocompasite coating is higher than the hardness of the TiO2 alone since that 

the presence of HA nano particles and ZrO2 in the TiO2 coating layer would 

improve the hardness  and wear resistance of this layer. 

3- The surface roughness of the substrate has an important role to improve the 

adhesion between coating and substrate. AFM topography shows homogenous 

and dense for the sample A7 at (350V-30 min). 

4- The morphology of composite coatings was homogenous and crack-free when 

coating with the best condition for sample D7 at (350V- 30min). 

5- The porosity analysis showed that the coating porosity increases with increasing 

voltage and deposition time.  

6- EDS results showed that the ratio of Ca/P increased with voltage at coating 

HA/TiO2 as well as, ZrO2/TiO2 coating.  
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7- The apparent contact angle decreases slightly after treated at different 

parameters (voltage and time). The significant change in the apparent contact 

angle of MAO coatings may result from surface morphology and content of the 

MAO coatings. The wettability of the MAO coating prepared at lower roughness 

may be under-estimated due to smaller pores. However, the wettability of the 

MAO coating prepared at higher roughness may be over-estimated due to no gas 

captured and coarser liquid/solid interface. 

8- The potentiodynamic polarization results that Ti-6Al-7Nb base material , TiO2, 

and HA/TiO2, ZrO2/TiO2, and HA/ZrO2/TiO2 nanocomposite coating on Ti-6Al-

7Nb alloys at different parameters in Ringer's solution and Saliva's solution; the 

best result for sample A7 at TiO2 coating equal (icorr.=0.0902µA/cm2) in Ringer's 

solution  and (icorr.= 0.833µA/cm2) in Saliva’s solution compared to the uncoated 

sample. The nanocomposite coating HA/TiO2, ZrO2/TiO2, and HA/ZrO2/TiO2 

has the lowest corrosion current density value (0.856, 0.864)µA/cm2 in two 

solution and highest corrosion resistance for sample B11, (0.433, 0.784)µA/cm2 

for sample C11, and (0.814, 0.630)µA/cm2 for sample D11 in two solution . In 

addition, the cyclic polarization results state improvement in the pitting 

corrosion resistance when immersed in the Ringer’s solution and saliva’s 

solution. 

9- The ions release concentration (Ti, Al, and Nb) in Ringer's and saliva’s solution 

significantly decreased for the coated samples compared with uncoated sample, 

as the concentration of ions is lower after being placed for 21 days in the 

Ringer's solution, which is for TiO2 coating value (0.0183, 0.0043, and 0.003) 

ppm respectively, and in saliva solution (0.0191, 0.0026, and 0.002) ppm. This 

enhancement in reducing titanium, aluminum, and Niobium ions release is more 

likely due to HA/ZrO2/TiO2 layer provide an adherent and very protective layer. 
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10-The results of antibacterial analysis have confirmed that the ZrO2/TiO2 and 

HA/ZrO2/TiO2 nanocomposite coatings reveal a good antibacterial activity 

against gram negative E.coli which makes this coating safe and can be used for 

bone implant applications. 

 

5.2  Recommendations: 

 
1- Study the effect of using alternating current AC instead of direct current DC in 

the MAO coating with different alloys.  

2- Studying MAO process for other titanium alloys. 

3- Investigating effect of different concentrations of the electrolytic solution other 

material deposited by MAO process. 

4- Studying other surface modification such as, laser surface treatment on the 

morphology and corrosion resistance of the HA/ZrO2/TiO2 nanocomposite 

coating should be scrutinized.   

5- Studying the tribo-corrosion behavior of Ti-alloys modified by MAO process.  

6- Studying MAO of titanium alloys in vivo. 
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AFM test: 
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100.00 

9.09 

4.96 

7.02 

8.68 

6.20 

5.79 

6.20 

33.06 

38.02 

45.04 

53.72 

59.92 

65.70 

71.90 

105.00 

110.00 

115.00 

120.00 

125.00 

130.00 

135.00 

6.20 

2.07 

4.55 

3.72 

3.31 

2.89 

5.37 

78.10 

80.17 

84.71 

88.43 

91.74 

94.63 

100.00 

 

 

Avg. Diameter:95.54 nm <=10% Diameter:75.00 nm 

<=50% Diameter:90.00 nm <=90% Diameter:120.00 nm 
  

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

75.00 

80.00 

85.00 

90.00 

95.00 

4.32 

15.83 

12.95 

13.67 

8.63 

4.32 

20.14 

33.09 

46.76 

55.40 

100.00 

105.00 

110.00 

115.00 

120.00 

9.35 

8.63 

4.32 

7.91 

2.88 

64.75 

73.38 

77.70 

85.61 

88.49 

125.00 

130.00 

135.00 

5.04 

4.32 

2.16 

93.53 

97.84 

100.00 
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Avg. Diameter:74.15 nm <=10% Diameter:40.00 nm 

<=50% Diameter:70.00 nm <=90% Diameter:110.00 nm 
  

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

40.00 

45.00 

50.00 

55.00 

60.00 

65.00 

70.00 

75.00 

4.38 

6.33 

6.08 

9.00 

6.57 

8.52 

8.76 

7.79 

4.38 

10.71 

16.79 

25.79 

32.36 

40.88 

49.64 

57.42 

80.00 

85.00 

90.00 

95.00 

100.00 

105.00 

110.00 

115.00 

6.33 

6.08 

4.87 

4.38 

4.87 

1.95 

3.41 

3.65 

63.75 

69.83 

74.70 

79.08 

83.94 

85.89 

89.29 

92.94 

120.00 

125.00 

130.00 

135.00 

140.00 

145.00 

150.00 

160.00 

2.92 

1.46 

0.97 

0.49 

0.49 

0.24 

0.24 

0.24 

95.86 

97.32 

98.30 

98.78 

99.27 

99.51 

99.76 

100.00 
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Avg. Diameter:62.75 nm <=10% Diameter:40.00 nm 

<=50% Diameter:60.00 nm <=90% Diameter:80.00 nm 
  

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

25.00 

35.00 

40.00 

45.00 

50.00 

0.22 

0.89 

4.02 

6.03 

9.82 

0.22 

1.12 

5.13 

11.16 

20.98 

55.00 

60.00 

65.00 

70.00 

75.00 

11.61 

13.62 

12.28 

10.04 

8.71 

32.59 

46.21 

58.48 

68.53 

77.23 

80.00 

85.00 

90.00 

95.00 

100.00 

8.26 

7.37 

3.35 

2.68 

1.12 

85.49 

92.86 

96.21 

98.88 

100.00 

 

 

 

Avg. Diameter:82.84 nm  <=10% Diameter:35.00 nm 
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<=50% Diameter:80.00 nm 
 <=90% Diameter:130.00 

nm 
  

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

15.00 

20.00 

25.00 

30.00 

35.00 

40.00 

45.00 

50.00 

55.00 

60.00 

65.00 

1.28 

0.64 

2.88 

2.24 

1.92 

2.24 

1.92 

4.17 

2.56 

5.13 

3.85 

1.28 

1.92 

4.81 

7.05 

8.97 

11.22 

13.14 

17.31 

19.87 

25.00 

28.85 

70.00 

75.00 

80.00 

85.00 

90.00 

95.00 

100.00 

105.00 

110.00 

115.00 

120.00 

5.45 

6.41 

4.49 

7.69 

8.97 

7.05 

4.81 

4.17 

2.88 

1.60 

2.24 

34.29 

40.71 

45.19 

52.88 

61.86 

68.91 

73.72 

77.88 

80.77 

82.37 

84.62 

125.00 

130.00 

135.00 

140.00 

145.00 

150.00 

155.00 

165.00 

170.00 

175.00 

3.21 

1.92 

2.56 

1.28 

1.60 

1.28 

1.92 

0.96 

0.32 

0.32 

87.82 

89.74 

92.31 

93.59 

95.19 

96.47 

98.40 

99.36 

99.68 

100.00 
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Avg. Diameter:88.29 nm  <=10% Diameter:60.00 nm 

<=50% Diameter:85.00 nm 
 <=90% Diameter:110.00 

nm 
  

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

30.00 

40.00 

45.00 

50.00 

55.00 

60.00 

65.00 

0.65 

0.65 

1.29 

1.94 

1.94 

0.65 

6.45 

0.65 

1.29 

2.58 

4.52 

6.45 

7.10 

13.55 

70.00 

75.00 

80.00 

85.00 

90.00 

95.00 

100.00 

9.03 

4.52 

4.52 

7.10 

11.61 

9.68 

9.03 

22.58 

27.10 

31.61 

38.71 

50.32 

60.00 

69.03 

105.00 

110.00 

115.00 

120.00 

125.00 

5.81 

9.03 

7.74 

7.10 

1.29 

74.84 

83.87 

91.61 

98.71 

100.00 
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Avg. Diameter:71.86 nm <=10% Diameter:35.00 nm 

<=50% Diameter:70.00 nm <=90% Diameter:105.00 nm 
  

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

10.00 

15.00 

20.00 

25.00 

30.00 

35.00 

40.00 

45.00 

50.00 

55.00 

60.00 

0.68 

0.45 

1.36 

0.91 

2.27 

2.27 

3.86 

5.91 

5.00 

6.36 

7.50 

0.68 

1.14 

2.50 

3.41 

5.68 

7.95 

11.82 

17.73 

22.73 

29.09 

36.59 

65.00 

70.00 

75.00 

80.00 

85.00 

90.00 

95.00 

100.00 

105.00 

110.00 

115.00 

6.59 

6.59 

5.23 

7.05 

6.82 

6.14 

3.64 

3.86 

5.00 

3.64 

2.05 

43.18 

49.77 

55.00 

62.05 

68.86 

75.00 

78.64 

82.50 

87.50 

91.14 

93.18 

120.00 

125.00 

130.00 

135.00 

140.00 

145.00 

150.00 

155.00 

160.00 

2.50 

1.36 

0.68 

0.91 

0.23 

0.23 

0.45 

0.23 

0.23 

95.68 

97.05 

97.73 

98.64 

98.86 

99.09 

99.55 

99.77 

100.00 
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Avg. Diameter:68.11 nm <=10% Diameter:50.00 nm 

<=50% Diameter:70.00 nm <=90% Diameter:80.00 nm 
  

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

35.00 

40.00 

45.00 

50.00 

1.85 

1.23 

1.23 

3.70 

1.85 

3.09 

4.32 

8.02 

55.00 

60.00 

65.00 

70.00 

9.88 

9.26 

9.88 

8.02 

17.90 

27.16 

37.04 

45.06 

75.00 

80.00 

85.00 

19.14 

17.90 

17.90 

64.20 

82.10 

100.00 

 

 

Avg. Diameter:103.63 nm <=10% Diameter:70.00 nm 

<=50% Diameter:90.00 nm <=90% Diameter:140.00 nm 
  

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

70.00 

80.00 

90.00 

100.00 

110.00 

4.37 

17.48 

12.62 

17.48 

13.11 

4.37 

21.84 

34.47 

51.94 

65.05 

120.00 

130.00 

140.00 

150.00 

160.00 

13.59 

6.80 

3.88 

3.40 

2.43 

78.64 

85.44 

89.32 

92.72 

95.15 

170.00 

180.00 

200.00 

210.00 

2.91 

0.49 

0.49 

0.97 

98.06 

98.54 

99.03 

100.00 
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Avg. Diameter:96.53 nm <=10% Diameter:0 nm 

<=50% Diameter:85.00 nm <=90% Diameter:130.00 nm 
  

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

70.00 

75.00 

80.00 

85.00 

90.00 

95.00 

100.00 

105.00 

12.25 

9.80 

9.80 

9.80 

9.31 

5.39 

5.88 

4.90 

12.25 

22.06 

31.86 

41.67 

50.98 

56.37 

62.25 

67.16 

110.00 

115.00 

120.00 

125.00 

130.00 

135.00 

140.00 

145.00 

6.37 

3.92 

8.82 

0.98 

1.47 

2.45 

1.47 

0.98 

73.53 

77.45 

86.27 

87.25 

88.73 

91.18 

92.65 

93.63 

150.00 

155.00 

160.00 

165.00 

170.00 

220.00 

1.96 

0.98 

1.47 

0.49 

0.98 

0.49 

95.59 

96.57 

98.04 

98.53 

99.51 

100.00 
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Avg. Diameter:113.26 nm <=10% Diameter:50.00 nm 

<=50% Diameter:110.00 nm <=90% Diameter:170.00 nm 
  

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

40.00 

50.00 

60.00 

70.00 

80.00 

90.00 

100.00 

0.63 

3.80 

6.33 

5.70 

6.33 

5.06 

9.49 

0.63 

4.43 

10.76 

16.46 

22.78 

27.85 

37.34 

110.00 

120.00 

130.00 

140.00 

150.00 

160.00 

170.00 

12.66 

13.92 

8.86 

6.96 

1.90 

5.06 

2.53 

50.00 

63.92 

72.78 

79.75 

81.65 

86.71 

89.24 

180.00 

190.00 

200.00 

210.00 

220.00 

230.00 

240.00 

1.90 

1.90 

2.53 

1.27 

0.63 

1.90 

0.63 

91.14 

93.04 

95.57 

96.84 

97.47 

99.37 

100.00 

 

 

 

Avg. Diameter:97.27 nm <=10% Diameter:65.00 nm 

<=50% Diameter:95.00 nm <=90% Diameter:130.00 nm 
  

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

35.00 

60.00 

65.00 

70.00 

1.63 

2.44 

4.07 

5.69 

1.63 

4.07 

8.13 

13.82 

85.00 

90.00 

95.00 

100.00 

7.32 

9.76 

5.69 

8.94 

30.89 

40.65 

46.34 

55.28 

115.00 

120.00 

125.00 

130.00 

8.94 

4.07 

4.88 

4.88 

75.61 

79.67 

84.55 

89.43 
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75.00 

80.00 

3.25 

6.50 

17.07 

23.58 

105.00 

110.00 

6.50 

4.88 

61.79 

66.67 

135.00 

140.00 

6.50 

4.07 

95.93 

100.00 

 

 

 

Avg. Diameter:76.49 nm  <=10% Diameter:45.00 nm 

<=50% Diameter:75.00 nm 
 <=90% Diameter:105.00 

nm 
  

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

Diameter

(nm)< 

Volum

e(%) 

Cumulati

on(%) 

20.00 

25.00 

30.00 

35.00 

40.00 

45.00 

50.00 

55.00 

60.00 

0.24 

1.46 

0.73 

2.43 

1.70 

2.91 

4.37 

5.10 

6.80 

0.24 

1.70 

2.43 

4.85 

6.55 

9.47 

13.83 

18.93 

25.73 

65.00 

70.00 

75.00 

80.00 

85.00 

90.00 

95.00 

100.00 

105.00 

6.31 

7.77 

9.47 

7.28 

7.77 

6.80 

6.55 

5.83 

4.85 

32.04 

39.81 

49.27 

56.55 

64.32 

71.12 

77.67 

83.50 

88.35 

110.00 

115.00 

120.00 

125.00 

130.00 

135.00 

140.00 

145.00 

2.43 

3.16 

2.43 

0.97 

1.46 

0.73 

0.24 

0.24 

90.78 

93.93 

96.36 

97.33 

98.79 

99.51 

99.76 

100.00 
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Wear test : 
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Potentiodynamic Polarization Test: 
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Cycle Polarization Test : 
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:  لخلاصةا  

هذه السبيكة لها . الطبية ات التطبيق في  Ti-6Al-7Nbسبيكة تيتانيوم   استخدام إلى الدراسة هذه تهدف

لذا فأن   البلى ضعيفة وصلادة قليلة  مةاوقمذات  تطبيقات واسعة على رغم من أن التيتانيوم وسبائكه  

طبقات    الميكروية  الأكسدةطريقة   لترسيب  كهروكيميائية(   / )كيمائية  تقليدية  غير  طريقة  وهي 

جهد  يسيراميكال تطبيق  خلال  من  معدلة  عناصر  على  يحتوي  مائي  محلول  في  سميكة  .    الانهيارة 

وأنماط التيار      كيميائيةوبصورة عامه  تم أجراء العديد من المحاولات لدراسة تأثيرات المضافات ال

 . السيراميكيتحسين الطلاء في 

اكسيد الزركونيوم في عملية الترسيب وبعد عدة  ابايت و  الهيروكسيأضافات نانوية مثل    استخدامتم  

تم   الأ  اعتماد تجارب  المحاليل  من  مجاميع  مختلف .  هلكترولتي أربع  بتراكيز  العملية  من    ةوتمت 

الفولتية   ظروف  في  والنانوية  الطبيعية  والتيار  V(300, 350, and 400  ةالمختلف  الاضافات   )

A (1-5  وبأزمان ترسيب )min(7, 15, 30, and 60  )  عدة    .بواسطة منظومه طلاء محلية الصنع

جرت   النماذج  فحوصات  البنية  لجميع  فحوصات  )مثل  تضاريس  FE-SEMالمجهرية  لمعرفه   )

حيود   وفحص  الطلاء  طبقة  وسمك  ) XRD)  السينية  بالأشعة السطحية  الطيفي  والتحليل   )EDX  )

( والخشونةAFMوأختبار  للطلاءات  وطوبوغرافية  المورفولوجيا  البنية  لرؤية  الصلادة  (  وأختبار 

)والبلى   التبلل  والدوري   التأكل  أختباروكذلك    (Wetting angleوزاوية  الاستقطاب    باستعمال 

 لدراسة طبقة الطلاء .  E.coliوتصرف البكتريا المعروفه بال  أيونات  تحرروأختبار 

)   :  وضحت أالاختبارات    نتائج سبيكة  سطح  على  السيراميكية  طلاءات  ترسيب  -Ti-6Alأمكانية 

7Nb     تم حصول على طبقة سيراميكة  .  ( باستخدام الاضافات وظروف مختلفة فولتية وزمن ترسيب

التيتانيوم أوكسيد  ال (2TiO)  من  عملية  خلال  سطح  على  يتكون  وطلاء  الذي  في   متجانسةمسامية 

حيث    ومقاومة البلى(350V & 30min)عينة  ( عند  311.5HV)  ذات صلادة عاليةو  Aمجموعه  

بالوزن   البلى  أدت الى فقدان  التأكل    كل ممتازةأوت    (  10.469×-6)ونقصان معدل  تصل الى معدل 

(0.1114mpy)    الاساس سبيكة  من  أقل  أيونات  تحرر  غيرومقدار  بالسبيكة  مقارنه    مطلية   افضل 

مسامية ال في وزيادة (56µm)الى  ةأدت الى زيادة سمك الطبق رسيب ومع زيادة في الفولتية وزمن الت

  وزيادة قابلية الترطيب .  ةوالخشون



ابايت   من   مركبة سيراميكة  طبقةال )  (HA)  هيدروكسي  التيتانيوم  , Bفي مجموعة    (2TiOوأكسيد 

 ( الزركونيوم  أوكسيد  من  )  (  2ZrOطبقة  التيتانيوم  مجموعة  2TiOوأكسيد  في   )C    الطبقة  و

 ( أبايت  ) ( وأوكسيد  HAالسيراميكه من هيدروكسي  التيتانيوم )  (2ZrOالزركونيوم  (  2TiOوأكسيد 

 في فولتية وزمن ترسيب يزداد سمك طبقة ويزيد من تركيز   لوحظ مع زيادة  حيث   Dفي مجموعة  

HA   وZrO2   وتقل المسامية مقارنه بالمجموعة )أ( وبالتالي أفضل نتائج تم حصول عليها من حيث

)30minو     300Vعند    368.1HV)     صلادة  ,  )  466.7HV   300  عندV     30وmin ( و   )

584.9HV      300عندV     وmin15  ( تساوي  البلا  مقاومة   . و     300Vعند    10×7-4.33( 

30min ( , )1.06×10-7  300عندV    30وmin ( و )300عند   8-10×9.84V   وmin15 . ) 

التاكل لمحلولين  بواسطة استقطاب والدوري تساوي )   محلول   87.83و     %87.4تحسين مقاومة 

  (  ,  ) التوالي  على  الصناعي  واللعاب  )    %88.13و    %94رنكر  و   ) محلولين  و    %88في 

   300Vعند    في محلولين ( و كذلك زيادة قابلية الترطيب بواسطة نقصان زاوية التلامس  91.12%

 .  30minو 

 ( تساوي  للمحلولين  الاساس  بالسبيكة  مقارنتا  تقل  الايونات  تحلل  محلول    0.0183PPmكمية  في 

في محلول    74PPm00.0و )    2TiO في اللعاب الصناعي ( لطلاء    ppm10.0 91رنكر ( و )  

)  تصل  2TiO/2ZrO و طلاء   2HA/TiOفي اللعاب الصناعي ( لطلاء  77ppm 00.0رنكر( و ) 

0.0066ppm    ( و   ) رنكر  محلول  المركب   0.0048ppmفي  النانوي  الطلاء  وفي   ) اللعاب  في 

2TiO/2HA/ZrO   (17ppm 00.0   11وppm00.0 . لكلا المحلولين ) 

 تكون مضادة جدا للبكتريا وتمنع نمو البكتريا . 2TiO/2HA/ZrOو   2TiO/2ZrO طلاء 
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المواد كلية هندسة   

معادن قسم هندسة ال  

 

الحياتية باستخدام طلاءات  Ti-6Al-7Nb التحسين السطحي لسبيكة 

 MAO)المايكروية )حياتية سيراميكية بطريقة الاكسدة 
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في هندسة المواد/ معادن  لدكتوراه فلسفة ة ادرج متطلبات نيل   

 من قبل 
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