
SURFACE MODIFICATION OF β-PHASE TI ALLOY BY 

PLASMA SPRAY DEPOSITION TECHNIQUE FOR 

ORTHOPEDIC APPLICATIONS 

 

A Thesis  

Submitted in partial fulfillment of the requirements for the  

 award of the degree of  

 

    DOCTOR OF PHILOSOPHY  
    
 

in  

      Mechanical Engineering 
 

By 

 Harjit Singh 

 
           41700234 
                                            
    Supervised By                                                               Co-supervised By 

Dr. Chander Prakash                                                     Dr. Sunpreet Singh 

              

 

 

LOVELY PROFESSIONAL UNIVERSITY 

PUNJAB 

2021 
 



 

DECLERATION 

 

I declare that the thesis entitled “Surface modification of β-phase Ti alloy by Plasma spray 

deposition technique for Orthopedic Applications” has been prepared by me under the 

guidance of Dr. Chander Prakash, Professor, School of Mechanical Engineering, Lovely 

Professional University, Phagwara, Punjab and Dr.Sunpreet Singh, Research fellow, National 

University of Singapore, Singapore. No part of this thesis has formed the basis for the award 

of any degree or fellowship previously. 

 

 

HARJIT SINGH 

Registration No.41700234 

School of Mechanical Engineering 

Lovely Professional University 

Phagwara, Punjab. 

Date:- 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Lovely Professional University,  

Punjab, India 

 

Certificate 

This is to certify that the thesis titled “Surface modification of β-phase Ti alloy by Plasma 

spray deposition technique for Orthopedic Applications” being submitted by Mr. Harjit 

Singh to the Lovely Professional University, Punjab, India for the award of the degree of 

DOCTOR OF PHILOSOPHY is a record of bonafide research carried out by him under our 

guidance and supervision. Mr. Singh has worked for about three years on the above problem 

and the work has reached the standard fulfilling the requirements and the regulations relating 

to the degree. To the best of our knowledge the work incorporated in this thesis has not been 

submitted to any other University or Institute for the award of any other degree or diploma. 

 

 

           

Dr. Chander Prakash                                 Dr. Sunpreet Singh 

Professor                                            Research Fellow 

Mechanical Engineering Department,                  Mechanical Engineering Department, 

Lovely Professional University,                           National University of Singapore, 

Phagwara, Punjab (India)                                     Singapore.     

 

 

 

 

 



ABSTRACT 

This research work presents the development of low elastic high strength β-phase Ti-

35Nb-7Ta-5Zr alloy for orthopedic application especially HIP-stem. The β -phase Ti-35Nb-

7Ta-5Zr alloy was subjected to heat treatment to enhance the mechanical properties and wear 

resistance. After that, deposition of hydroxyapatite (HA) and titanium oxide (TiO2) reinforced 

hydroxyapatite (HA) on Ti-35Nb-7Ta-5Zr alloy by plasma spray deposition technique has been 

carried out for required application. The effect of TiO2 reinforcement (15 and 30 wt. %) in HA 

has been studied on coatings morphology, microstructure, mechanical properties, corrosion 

resistance, and in-vitro bioactivity was investigated. Effect of plasma spray process parameters 

such as reinforcement of TiO2 in HA, gas flow rate, and powder feed rate on the coating  

characteristics such as micro-hardness and adhesion strength has been studied. The 

microstructure, elemental composition, and phase composition were characterized by FE-SEM, 

EDS, and XRD. The biomechanical behavior of the deposited coatings was investigated in 

terms of surface hardness, elastic modulus, and adhesion strength. The surface characteristic 

such as roughness, porosity, micro-cracks, coating thickness has been studied. The In-vitro 

corrosion resistance of coatings was assessed using electrochemical potentiodynamic 

polarization test using Potentiostat/Galvanostat (Series PGSTAT-12, GAMERY) in simulated 

body fluid (SBF). The bioactivity of the coated surface was accessed by determining the 

hydrophilic/hydrophobic nature of surfaces, using a wettability test. The 

hydrophilic/hydrophobic performance of coatings depends upon the water contact angle (º). 

The in-vitro bioactivity has also been studied using osteoblastic Mg-63 cell lines. The wear 

resistance of HA and HA-TiO2 coatings was evaluated by pin-on-disc wear test rig (DUCOM, 

Instruments Pvt. Ltd, Banglore, India). 

A low elastic (55 GPa) β-phase type Ti-Nb-Ta-Zr alloy has been developed using 

vacuum arc melting process. The tensile strength and micro-hardness of the β-TNTZ sample 

after heat treatment have been increased from 590 to 1195MPa and 245 to 515HV, respectively. 

The elastic modulus of the β-TNTZth alloy is 89 GPa, which is lower than the Ti-4Al-4V alloy 

(110 GPa) and Co-Cr alloy (220 GPa).  

The optimized process parametric levels for obtaining maximum surface micro-hardness 

and adhesion strength are: powder ratio – 30% wt. of TiO2, gas flow rate – 40 l/min, and powder 

feed rate – 32 g/min. At, optimized setting, the HA/TiO2 coating exhibited cracks free and dense 



surface in comparison with HA-coating. The reinforcement of TiO2 improved the 

microstructure and mechanical bonding of coating with substrate. The thickness of HA, HA-

15TiO2, and HA-30TiO2 coatings were measured approximately ~185-200 μm. The HA-

30TiO2 (HA-Ty) coating exhibit high surface hardness (1.35 GPa) and adhesion strength 

(28.75MPa). The surface roughness of HA, HA-15TiO2, and HA-30TiO2 coatings were 

measured 7.65, 5.45, and 4.85 μm, respectively. The obtained surface roughness was in good 

agreement with the values reported in literature and also sufficient to promote bone-ingrowth 

around the implant. The reinforcement of TiO2 in HA formed lamellar structure and rich layer 

of TiO2 acted as a reservoir to hold the protein in the host body and improved the 

osseointegration and corrosion resistance. The HA-coated samples have better corrosion 

resistance as compared to uncoated samples. When TiO2 was alloyed, the Tafel extrapolation 

curve again more shifted toward the left side that indicates samples hold low current density as 

compared to HA and uncoated samples. The Icorr and Ecorr values of HA-15TiO2 coating were 

measured as 8.15 µA/cm2 and -370mV, respectively. Similarly, for HA-30TiO2 coating, the 

values were 9.17 µA/cm2 and -420 mV, respectively. The HA-30TiO2 coating exhibit best and 

highest corrosion resistance. The HA-15%TiO2 and HA-30%TiO2 coatings possessed a higher 

cellular proliferation rate as compared to HA-coated and un-coated specimens. The findings 

thus indicate that the surface chemistry of the HA/TiO2 coating helped to increase the bone 

ingrowth and osseointegration process. 

At, gas flow rate 32 l/min and feed rate 40 g/min, the reinforcement of TiO2 improved the 

microstructure of coating by prevented the formation of micro-cracks in the layer and improved 

the mechanical bonding of coating with the substrate.  The HA/TiO2 coating exhibited a dense 

surface in comparison with HA-coating. The coating thickness was measured for HA and HA-

TiO2 coated surface was 125 μm and 120 μm, respectively. Moreover, the reinforcement of 

TiO2 formed lamellar structure in the HA-matrix and formed various non-apatite phases like 

α/β-TCP phases, Ca3(PO4)2, CaO, TTCP along with TiO2, which enhanced the mechanical 

properties and bioactivity of the coating. The adhesion strength of HA-TiO2 coating (32.95 

MPa) was higher than the HA-coating (25.79 MPa). The hardness and elastic modulus of HA-

TiO2 coating were measured around 2.95 GPa and 41.5 MPa, which was beneficial to enhance 

the wear resistance properties. The HA-TiO2 coating exhibited more crystalline content 

(89.6%) as compared to HA coatings (74.8%). The surface roughness for the as-coated HA and 

HA-TiO2 coatings was found to be 4.65 μm and 3.5 μm, respectively. The skewness and 

kurtosis are the important parameters of surface roughness that affect the corrosion and wear 



performance of biomedical implants. The skewness in the surface roughness of both surfaces 

was negative. The HA-coated surface has very deep valleys in the layer as a result roughness 

is a high Kurtosis of more than 9.5, this may affect the corrosion and wear performance. The 

hardness of as-sprayed HA and HA-30wt. % coatings were measured 1.65 GPa and 2.95 GPa, 

respectively. The elastic modulus of as-sprayed HA and HA-30wt. % coatings were measured 

15.7 GPA, and 41.75 GPa, respectively. The adhesion strength of the coating is increased with 

the addition of TiO2 in HA. The adhesion strength of HA and HA-TiO2 coating was measured 

around 25.79 MPa and 32.95 MPa, respectively. The water contact angle after 3 minutes on 

un-coated, HA-coated, and HA-TiO2 coated samples was measured 97.8º, 49.5 º, and 32.5º, 

respectively. It has been found that HA-TiO2 has the lowest water contact angle, which 

revealed that the coating has the highest wettability and excellent bioactivity. The delamination 

of HA-TiO2 coating can be seen, but very less as compared to HA-coating. The TiO2 prevents 

the delamination of HA particles from the coating. Moreover, with the reinforcement of TiO2, 

the brittleness of the coating is reduced, as a result, less friction developed. Moreover, TiO2 is 

a ceramic element that helped in reducing the friction of the coating layer and as a result, less 

wear occurred. At optimized setting, a biomimetic layer of HA-TiO2 was deposited on the β-

TNTZ alloy, which can be further used as HIP-stem for the Indian population. 
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CHAPTER-I 

INTRODUCTION 

This chapter presents the current trends on the synthesis/ development of biomaterials 

and surface modification/processing/treatment of biomaterials for biomedical 

application. In the first phase, the significance of biomaterial is presented. The 

technique for the development of porous and solid biomedical implants is discussed in 

details for their successful applications. Powder metallurgical, additive manufacturing 

and 3-D printing technologies are found good potential techniques for the development 

of porous mechanically tuned of metallic and ceramic-based implants for medical 

applications. In the second phase, an innovative engineering technique for surface 

modification, processing, and treatment of implants is discussed to enhance the 

bioactivity, mechanical properties, and corrosion and wear resistance properties. 

Electric discharge machining, electrochemical deposition, and plasma spar deposition 

are the best and potential innovative engineering technique to improve the mechanical 

properties and bioactivity. The book chapter also presents the future scope for the 

development and surface modification of biomedical implants.        

1.1. Introduction and requirement of Biomaterials 

From recent studies, it is confirmed that the demand for joint and bone replacement 

increases rapidly. It is estimated that maximum human beings having the age of more 

than 45 years are fighting with the problem of weakening the bone, inflammation of the 

human’s bone joints and weakening of the cartilages resulted in the bone degradation 

under continuous cyclic loading conditions [1-2]. This is the main cause of the 

degradation of the mechanical and physical behavior of natural human’s bone and bone 

joint loss in friction. Total joint replacement (TJR) is the best way to solve these 

problems, where load-bearing joints are replaced with artificial implants [3-4]. 

Artificial implants comprise whole or part of a living structure which replaces a natural 

function to improve the quality of the human body and made-up of biomaterials. Fig. 

1.1 presents the possible implants used in the human body such as lintraocular lenses, 
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bone plates, dentistry joint replacements to more complex material like pacemakers, 

blood vessels, artificial heart, histopathology, and prosthetic arterial grafts etc. 

 

Figure 1.1. Artificial implants used in the human body to restore the 

functionality of dysfunctional joints or parts [2]  

All biomaterials when implanted in a human body, their achievement mainly depend 

on three factors: (i) properties of biomaterials such as mechanical, chemical and 

morphology; (ii) biocompatibility/nontoxic of biomaterials; and acceptable by the body 

of patients and the capability of surgeon [5-6]. According to the responses of implanted 

biomaterials, the major dominant metallic biomaterials, such as cobalt-based (Co) 

alloys, stainless steel (SS), magnesium-based alloys, and titanium (Ti). These 

biomaterials are superior metallic materials due to their ability to carry significant stress 

and go through the plastic deformation prior unit to the fail, as this show their specific 

ultimate tensile strength (UTS) and fracture toughness. (Table 1.1) 
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Table 1.1. Characteristic of biomaterials and bone 

Materials 
Young’s modulus 

(GPa) 

Ultimate tensile 

strength 

(MPa) 

Fracture toughness 

(MPa √m) 

Co  240 900-1540 ~100 

SS 200 540-1000 ~100 

Ti 105-125 900 ~80 

Cortical 

bone 
10-30 130-150 2-12 

 

It is essential to cite that SS, Co alloys, and Ti alloys have a much larger value of 

stiffness than to cortical bone [1]. They ought to be decent mechanical properties as 

well as chemical also. Generally, host reaction occurs after the implantation of 

biomaterial such as blood-material interaction, acute inflammation, chronic 

inflammation, foreign body reaction etc. There are various types of reaction to a broad 

spectrum of implant biomaterials nearby implant site. Although these alloys are 

pleasant mechanical and chemical properties yet they have a lifespan of 10–15 years 

only.  

In order to deal with such problems, researchers have taken so many initiatives to make 

implantation successful. These innovations are the development of new fabrication 

route for the synthesis of porous implants and surface engineering (Coating/deposition 

and finishing of implants) [7-8].  

1.2. Fabrication technique to synthesize porous implants 

In spite of the incredible advancement that has been accomplished in biomaterials, the 

fixation of the implant with the bone is still an issue because of the elastic modulus’s 

mismatch [1]. The elastic modulus of the metallic implant is much greater than bones 

which lead to creating stress shielding and results is immolation failed [9]. One thought 

to accomplish this has been the advancement of materials that exhibit porous structure 

[10]. The structural porosity reduces the stiffness of Ti-alloy and therefore results in the 

low elastic modulus [11-12]. Moreover, the porous structure not only solves the 
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problem of stress shielding but also provides suitable conditions to promote tissue 

growth around the implant and improved the implant stability [13]. 

The use of porous coated and fully or partially porous orthopedic implants is increasing 

day by day due to better implant - bone in growth performance. Major parameters 

influencing the formation of new bone near the implant material is bone resorption, the 

viability of the surrounding bone and the stability of the porous implant-bone interface. 

Percentage of porosity, pore size, and the implant material has significant effects on the 

porous implant performance [14]. In order to achieve bone ingrowth (osseointegration) 

into porous implant surface and inner pores, the implant must have adequate porosity, 

which ranges between 35 to 70%. Cook et al. showed the bone in-growth of 35 to 40% 

with porous implants implanted to mongrel dogs [15]. Cameron et al. investigated the 

rate of bone growth in 65 % dense cobalt based implants [16]. Hofmann showed human 

cancellous bone ingrowth into 55% Ti6Al4V14 core and Ti coated implants [17]. 

Research has also been performed to determine optimum parameters for bone formation 

in porous implant surfaces. Experimental results based on the animal implantation using 

porous materials have shown that the pore sizes affected bone ingrowth. In an 

investigation performed by Bobyn et al., bone growth was observed into porous surface 

down to 50 μm pore size and porous cobalt based porous implant with pore size ranging 

between 50 μm and 400 reached the maximum fixation strength after 8 weeks of 

implantation [18]. Hulbert et al reported that the minimum pore size between 75 and 

100 μm to regenerate a significant level of mineralized natural bone [19]. Barth et al. 

reported an optimum pore size of 400 μm for bone ingrowth in porous fiber titanium 

implant. Melikyan and Itin implanted sintered porous titanium specimens of 100-300 

μm pore size in rabbits and reported successful growth of bone tissue into the implant 

[20]. The optimum pore size for the growth of osteblasts and vascularization was 

reported in the range of 300-400 μm by Tsuruga, et al. This result was obtained by 

implanting 106-212, 212-300, 300-400, 400-500 and 500-600 μm pore size 

hydoxyapatite implants in rats [21]. Similar results for optimum size of pores i.e. 200-

500 μm in a porous surface coated Ti6Al4V specimens, implanted into the femoral 

modularly canal of dogs for six months were reported by Clemow et al [22]. Studies 

also showed that higher bone and implant interlocking strength occurred when porous 

tantalum implants with an average pore size of 430 μm are used [23]. The in-vivo 
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studies were performed in rabbit to evaluate bone ingrowth into titanium scaffolds with 

variable pore sizes i.e. 60 μm, 100 μm, 200 μm and 600 μm [24]. However, when the 

size of the pore is increased to 1.0 mm, the formation of fibrous tissue was more than 

the growth of bone [25]. There are a number of techniques which have been used to 

synthesize porous structure in bulk material. The potential techniques are powder 

metallurgical process using temporary space holder techniques and foaming agent, and 

additive manufacturing/3-D printing [26]. 

1.2.1 Powder metallurgy route using temporary space alloying and 

foaming agent 

The powder metallurgy (PM) route has been most widely used for the development of 

porous scaffolds, because in this process pore characteristics are easy to control and 

capability to generate very close to the final shape of the product [27-28]. The 

fabrication of porous structure in PM route consist first alloying of removable 

temporary space holders with powder particles then pressure-less sintering [29]. The 

most commonly used removable temporary space holders (RTSH) are sugar pallet, 

sodium chloride (NaCl), carbamide, magnesium, tapioca, saccharose, dextrin, and 

woven wire mesh, which removed by evaporation or by dissolution followed by the 

sintering process [7,10,30]. Figure 1.2 presents the schematic representation of 

fabrication method to developed porous structure through RTSH technique.  

High porosity (90%) NiTi alloys were synthesized by powder metallurgical route using 

NaCl as a RTSH. The finding presented that the shape and size of structural porosity 

depend upon the NaCl particles [31]. Zhang et al. used carbonate (NH4HCO3) as a 

temporary space holder to fabricate Ti-HA composite by using spark plasma sintering 

technique. The developed composite not only possessed near to human bone’s elastic 

modulus (⁓ 8.2–15.8 GPa) but also high compressive strength (⁓ 86–388 MPa) [32]. 

Exhaustive research efforts have been made for the fabrication of Ti-based porous 

scaffold. But, the drawback of Ti-based porous scaffold is non-degradable nature, 

which was removed from the body after another surgical process [33-34]. In concern of 

the metallic biomaterials issues, magnesium (Mg) based alloys/composites have gained 

attentions as an alternative material for the developing scaffolds, because of their 

superior biodegradability, biocompatibility, and low elastic modulus [35].  
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Figure 1.2. Fabrication route of the porous scaffold by powder metallurgy 

process 

Yazdimamaghani et al. critically reviewed and presented the studies carried out in the 

development of porous magnesium-based scaffolds for tissue engineering (TE) 

applications using temporary space holder technique and other methodologies [36]. It 
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has been reported that temporary space holder technique was a potential methodology 

for the development of 3D open porous structure [10]. The major techniques to control 

the pore shape and size of Mg-scaffolds were 3D printed negative salt pattern, woven 

mesh wire, and removable space holders. Kirkland et al. (2011) used 3D printed 

negative salt pattern to fabricate porous Mg-based scaffold with controlled architecture. 

The findings indicate that the technique can successfully produce an ordered open cell 

porous Mg scaffold [37]. Further, a highly porous (72-76 %) biodegradable AZ91D 

alloy was developed using negative NaCl salt pattern technique with a controlled pore 

size of 10-1000 μm. The in-vivo results indicate that the Mg-scaffold was degraded 

after three months of implantation and has consistent biocompatibility with a required 

inflammatory host reaction [38]. 

Moreover, the major drawback of Mg is high degradation rate in the human body, which 

results in various inflammatory diseases after post-implantation [39-40]. In this context, 

Hedayati et al. (2008) fabricated AZ-61 bio-degradable porous alloys using NaCl as 

temporary space alloying technique and, studied the degradation behavior and fatigue 

resistance. The element Zinc controls the degradation rate of Mg and improved the 

corrosion properties [41]. Furthermore, porous Mg-Zn scaffold was developed using 

carbamide (CO(NH2)2) of the size of 200–400 μm as temporary space holder technique. 

The effect of structural porosity on the mechanical properties was studied and found 

that mechanical properties degraded with the increase in structural porosity. 

Bakhsheshi-Rad et. al. (2018) fabricated doxycycline loaded porous hybrid Mg-Ca-

TiO2 scaffold using spherical carbamide as a temporary space holder. The elements Ca 

and TiO2 were used to enhance the corrosion properties and bioactivity. The developed 

scaffold possesses a interconnected porosity in the range of 65-67 % of size 600–800 

μm with upright compressive strength (5±0.1 MPa). The antibacterial property was 

improved by the doxycycline and used as alternative applicants for infection avoidance 

for bone TE applications [42]. Ghomi et al. (2018) fabricated bioactive porous bredigite 

(Ca7MgSi4O16) scaffold via space holder method using NaCl as temporary space 

holders. Highly interconnected porous scaffold with a porosity of 86% was developed 

with pore size 400-600 μm. The developed scaffold has compressive strength 1.1 MPa 
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and proposed as a potential candidate for the bone repair and regeneration in bone TE 

application [43].  

Singh and Batanagr (2017) critically reviewed and presented the studies carried out on 

the development of porous titanium and magnesium-based scaffolds for TE 

applications using various fabrication techniques [44]. The powder metallurgy (PM) 

technique has been best quoted due to being an economical method and more 

convenient to control the pore size, pore density, and morphology of the scaffolds. 

Further, they fabricated 3D open Ti-woven wire mesh based cellular structure of 

Mg10Zn alloy by using as a space holding. The developed scaffold has 60% porosity 

and ultimate tensile strength is found to be around 76 MPa [45]. The developed scaffold 

is proposed as a bone scaffolding material for TE. Dutta et al. (2017) developed porous 

bio-degradable Mg-based scaffolds spherical naphthalene particle as temporary space 

holder (porogen). The developed scaffolds have a porosity ranging from 8-40% with 

pore size 30-60μm. The compressive strength of the developed scaffold decreased with 

increase in the porogen content from 184 MPa to 24 MPa [46]. 

1.2.2 Additive manufacturing and 3-D Printing 

These days, additive manufacturing technique in the form of 3-Dimension printing has 

been widely used to develop 3-D porous biomedical implants with controlled pore 

characteristics such as size, shape, and distribution [47]. In 3-D printing technique, 

metal-implant parts were fabricated by a layer-by-layer printing process in which parts 

are designed using CAD. In metal 3-D printing process metallic parts are fabricated by 

layer-by-layer printing of metallic-powders and together fusion/sintering of powder 

carried out by laser technique. Here, two types of most widely laser sintering technique 

were used such as Selective Laser Melting (SLM) and Direct Metal Laser Sintering 

(DMLS) [48]. Figure 1.3 presents the SLM/DMLS proves. 



9 
 

 

Figure 1.3. Schematic representation of the SLM/DMLS process 

In the early ages, the SLM technology was used to developed fully-dense components 

[49]. The utilization of SLM to develop porous component was reported by Wang et al. 

[50].  Highly porous patient-specific Ti-based implant was developed with 70% porous 

structure exhibiting pore size from 200-500 μm. Pattanayak et al. investigated the effect 

of SLM process parameters on the pore characteristics and optimized the process 

parameters to synthesize porous Ti-implant [51].  

Further, the attainability of manufacturing grid structures in Ti-6Al-4V with high 

geometrical exactness utilizing SLM was explored by Weißmann et al. [52]. Moreover, 

it has been reported that SLM has potential to fabricate customize complicated 

structure. Recently, Shipley et al. critically reviewed the application of SLM to develop 

Ti-6Al-4V based porous implant [53]. They presented and addressed the various 

challenges during optimization of SLM process parameters and their influence on the 

porous structure. Khorasani et al. studied the effect of SLM process parameters (laser 

power, scan speed, hatch space, laser pattern angle coupling, along with heat treatment 

as a post-process) on the mechanical properties (density, hardness, tensile strength) and 

pore characteristics (Surface quality) has been studied [54].  
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Zao et. al. fabricated the Ti-6Al-4V alloy by electron beam melting (EBM) and SLM 

technique and compared their in-vitro corrosion and bioactivity performance. The 

SLM-synthesized implant possessed excellent bioactivity and EBM-synthesized 

exhibits good corrosion resistance [55]. Ran et. al. studied the osteogenesis of 3-D 

printed Ti-6Al-4V implant at different pore size by SLM process and it has been found 

that implant with 600 μm pore size promotes excellent bone-ingrowths [56].  

Figure 1.4 presents the 3-D printed Ti-6Al-4V implant and Fig.1.5 presents the 

bioactivity analysis of synthesized implants. From Fig. 1.4(a), it can be seen that 

different shape and size samples were developed using different architecture using 3D 

printing technique. Figure 1.4(b) shows the EDS spectrum of as-developed Ti-alloy 

based samples. Highly pure materials were printed without any impurity or foreign 

material inclusion. Figure 1.4 (c) to (e) shows the different porosity size in different 

implants. The structural porosities varied in the range of 400 to 800 μm in size. These 

structural porosities helped the bone ingrowth process. The tissue grow and entrapped 

in these porous structure and made the implantation successful. The bioactivity has been 

accessed using cell culture technique. Figure 1.5 represents fluorescence images of 

osteoblasts adhered to porous Ti6Al4V implants after culture for 14 days. Cells were 

stained with actin filament (red), cell nuclei (blue). Three regions of each sample were 

randomly captured and all experiments were performed in triplicate.  
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Figure 1.4. (A) Macrographs of 3D-printed porous Ti6Al4V specimens for 

mechanical test (a), in vitro (b) and in vivo (c) studies; (B) Chemical compositions 

of the fabricated samples detected by EDS; and SEM images of (C) 401μm, (D) 

607 μm, and (E) 801 μm. 
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Figure 1.5. Representative fluorescence images of osteoblasts adhered to porous 

Ti6Al4V implants after culture for 14 days.  

Yan et. al. fabricated Gyroid triply periodic minimal surface (TPMS) lattices based Ti-

6Al-4V alloy using SLM. Figure 1.6 presented the CAD model of pore morphology. 

The effect of heat treatment on mechanical properties and effect of HA coating of 

bioactivity of implant was studied. The compressive strength of Ti-6Al-4V implant is 

decrease with heat treatment. On the other hand, the HA coating enhances the 

bioactivity of implant. Figure 7 presented the porous Ti-implant coated with HA layer 

in simulated body fluid [57].   
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Figure 1.6. (a) CAD model, (b) micro-CT reconstruction model and (c) optical 

 

Figure 1.7. Surface morphologies of the Ti-6Al-4V TPMS lattices after soaked in 

SBF for: (a) and (b) 2 weeks, and (c) and (d) 3 weeks. EDX analysis on the Ti-

6Al-4V TPMS lattices 

soaked in SBF for (e) 7 days and (f) 14 days, corresponding to area A and B in 

(b) and (d), respectively 
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1.2.3 Electrospinning 

From the last decade, the electrospinning process gained great attention because of 

being a highly versatile method for spinning a wide range of polymeric fibers of nano-

size [58-59]. Electrospun nanofibers have been widely used biomedical scaffolds for 

TE application. In the electrospinning process, an electrostatic force was used to the 

spine polymer solution or melts to produce fine-fibers from nanometer to micrometer 

to enhance surface area which is beneficial for cell interaction and growth [60-61]. 

Figure 1.8 presents the standard vertical and horizontal electrospinning processes. A 

high voltage power supply, a spinner, and a collecting plate are the three main 

components of electrospinning process. A polymeric solution is transferred to a syringe 

and pumped through capillaries or tubes to the spinneret, which forms a suspended 

droplet at the tip. A DC voltage source of several tens of KVs is used to generate an 

electric field between syringe tip and a collector [62-63]. Due to an electric field, 

electrostatic charge controls surface tension and a charged jet is produced and 

accumulates on the collector plate. The polymer fiber produced is called electrospun or 

nanofibers. A large number of natural and synthetic polymers including polylactic acid, 

polyurethanes, silk fibroin, collagen, hyaluronic, polycaprolactone, acid, cellulose, and 

chitosan collagen were used for the development of scaffolds for TE application [65]. 

Ruckh et al. reported that polycaprolactone (PCL) was the potential and ultimate 

polymer for the scaffold TE application owing to its superior biocompatibility and 

processability [66]. The developed nanofibrous scaffold improved the osseointegration 

activities and excellent cell adhesion and growth was observed. 

Doustgani et al. fabricated a fibrous nanocomposite-scaffold of PCL along with PVA 

(average diameter ⁓ 123 ± 32 nm) and HA (average diameter ⁓ 123 ± 32 nm) 

nanoparticles for aligned and random nanofibers, respectively. The bioactivity of the 

fibrous nanocomposite was estimated by in-vitro cell culture test using mesenchymal 

stem cells (MSCs) cell lines and it was reported that the developed nanocomposite 

supported cell adhesion, growth, proliferation, and differentiation [67]. A critical 

downside of electrospinning process is the low-efficiency level (low production) due to 

a single needle. An innovative advancement has been accomplished to enhance the 

productivity of current electrospinning process by multiplication of the jets using multi-
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nozzle construction [68]. The production was increased but causes several problems 

such as low reliability, quality, and high maintenance cost. 

 

Figure 1.8. Schematic diagram of setting up of electrospinning apparatus (a) 

typical vertical set up and (b) horizontal set up of electrospinning apparatus. 

 

Petrík et. al. developed an innovative nozzle-free electrospinning  technology, which 

overcome the associated problem with conventional electrospinning and multi-nozzle 

electrospinning process [69]. In this process, a polymer wrapped over a rotating drum 

and nanofiber mats were formed when subjected to the high-voltage electric field. 
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Esmaeilzadeh et. al. synthesized cellulose-based nanofibers for TE applications using 

the nozzle free electrospinning process [70]. Despite several advantages of these 

solution electrospinning processes, still facing few challenges in cell infiltration due to 

its too small pore characteristics and tightly-packed nonwoven networks. Recently 

developed melt electrospinning was an innovative technique, which fabricates highly 

porous (with porosities of 98%) scaffold by direct writing technique [71]. In this 

procedure, the ideal polymer is dissolved and afterward pushed to a spinneret, at which 

high voltage is connected between spinneret and collector, bringing about the 

electrostatic shock and stacking filaments over one another [72]. Because of the 

viscosity of the liquid polymer, this procedure can create micro and sub-micron scale 

fibers. Moreover, dissolve electrospinning presents exact authority over the spatial plan 

of these strands in three measurements contrasted with arrangement electrospinning, 

which suffers from fly hazards as a result of dissolvable vanishing [73]. Additionally, 

it needn't bother with the utilization of dangerous solvents and is able to do creating 

structures with adjustable pore sizes, which are appropriate for cell entrance. Melt 

electrospinning has been used to process a variety of biodegradable polymers such as 

PCL [74-75], PLA [76], PLGA [77]. 

  

1.3. Innovative Surface Engineering/ Surface modification 

techniques 

Surface engineering is processing/alteration of the surface characteristics of the object 

obtained through removing or adding the material. The surface engineering processes 

are majorly classified into two categories surface modification (treatment, cladding, and 

machining) and surface finishing (polishing and grinding). To enhance the service life 

of biomaterials these surface modification and surface finishing technique are used on 

the surface of biomaterial to increase the productivity in the harsh environment of the 

human body. By this life expectancy has been increasing because of the improvements 

in the biomaterial surface by the surface alteration. Table 1.2 presents the various 

surface modification techniques and everyone have their own advantages and 

drawbacks. 
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Table 1.2. Surface Modification techniques for metallic alloy as a biomedical 

implant [4] 

Surface Modification 

Methods 

Modified Layer Objective 

Mechanical Methods 

 Machining 

 Grinding 

 Polishing 

 Blasting 

 

The rough or smooth surface 

formed by the subtraction 

process 

Produce specific surface 

topographies;  

clean and roughen surface; 

improve adhesion in bonding 

Chemical Methods 

 Acidic treatment 

 Alkaline treatment 

 

<10 nm of the surface oxide 

layer 

~1 µm of sodium titanate gel 

~5 nm of dense inner oxide and 

porous outer layer 

Remove oxide scales and 

contamination Improve 

biocompatibility, bioactivity or 

bone conductivity 

Sol-gel ~10 µm of the thin films, such 

as CaP, TiO2, and silica 

Improve biocompatibility,  

bioactivity or bone conductivity 

Anodic oxidation 

 

~10 nm to 40 µm of TiO2 layer, 

adsorption, and incorporation of 

electrolyte anions 

Produce specific surface 

topographies; improve corrosion 

resistance and   biocompatibility 

Chemical Vapour 

Deposition 

~1 µm of TiN, TiC, TiCN, 

diamond, and diamond-like  

carbon thin film 

Improve wear resistance, 

corrosion resistance, and blood 

compatibility 

Glow Discharge Plasma ~1 nm to ~100 nm of surface 

modified layer 

Clean, sterilize, nitride surface; 

remove the native oxide layer 

Biochemical Methods Modification through silanized 

titania, self-assembled 

monolayers, photochemistry, 

protein resistance, etc 

Induce specific cell and tissue 

response by means of surface 

immobilized peptides, proteins, 

or growth factors 

Physical Methods 

 Thermal Spray 

 Flame spray 

~30 to 200 µm of coatings, 

such as titanium, HA, calcium 

silicate, Al2O3, ZrO2, TiO2 

Improve wear resistance, 

corrosion resistance, and 

biological properties 
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 HVOF 

 DGON 

PVD 

 Evaporation 

 Ion plating 

 Sputtering 

~1 µm of TiN, TiC, TiCN,  

diamond, and diamond-like 

carbon thin film 

Improve wear resistance,  

corrosion resistance, and blood 

compatibility 

Ion Implantation and 

Deposition 

Beam-line ion Implantation  

and P-III 

~10 nm of the surface modified 

layer and/or ~µm of  thin film 

Modify surface composition; 

improve wear, corrosion 

resistance, and biocompatibility 

Among all the coating methods, thermal spray coating is potential good techniques to 

deposit a hard, corrosion and wear resistance layer on implant surface [4]. 

1.3.1 Electro-deposition Technique 

Electro-deposition is an electrochemical process to deposit a protective micro-, sub-

micron, and nano-scale layer on a substrate of conducting materials [78]. The electro-

deposition process is based on Faraday’s law of electrolysis that expresses the delivery 

amount of the chemical charge by an electrical current is corresponding to the amount 

of electricity that passes [79]. Figure 1.9 presents the schematic illustration of Electro-

deposition setup which consists electrochemical cell for electrolyte handling, a working 

electrode, a counter electrode, a reference electrode, and an external electrical circuit. 

The working electrode is connected to cathode terminal where electro-deposition takes 

place and counter-electrode is connected to the anode to complete the electrical circuit. 

Various metal salts are dissolved to make an aqueous solution of electrolytes containing 

positive and negative ions. The electric-current streaming between the electrodes in the 

presence of an external-voltage as a consequence of the moving charged species, by 

means of migration and diffusion, towards the surfaces of the polarized anodes. At the 

surface of the anodes, the conduction system must change from ionic to electronic, an 

interface procedure intervened by the event of electrochemical responses that advance 

the decrease or the oxidation (redox responses) of the ionic species. In addition to the 

above components, thermometer is used to measure temperature during the process and 
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a magnetic/ultrasonic stirrer is used to shake the electrolyte in order to bring new supply 

of metallic salts/ions to the cathode, therefore, facilitates replacement of metal ions at 

the cathode allowing the use of advanced current density and better current scattering. 

It sweeps away the foams which may cause pitting at deposit surface [80].  

 

Figure 1.9. Three electrode cell with Potentiostat/Galvanostat 

There are two types of electrodeposition system, Galvanostatic, and Potentiostatic. The 

current between the electrodes in the Galvanostatic plating system is kept constant. In 

pontentiostatic plating system, the potential of the working electrode is kept constant. 

Reactions that occur at cathode and anode are called half-cell reactions.   

Cathode Reaction:   Mn+  + ne- → M0                                              
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Anode Reaction:      M(s) → Mz+(aq) + ze- 

The various parameters affecting the process are current density, electrolyte 

concentration, potential, temperature of the electrolyte, pH of electrolyte, duty cycle 

and RPM of the stirrer. Increase in current density increases precursor thickness, its 

porosity, the grains become fine. Low current density produces gross grain structures 

due to little scope for creation of new nuclei. High concentrations of electrolytes are 

used to increase the conductivity of solution and cathode efficiency. Firm and adherent 

deposits can be obtained with higher electrolyte concentration and intermediate current 

density.  

A number of research studies have been reported by various researchers about the 

electrodeposition of biomimetic layer to enhance the wear and corrosion resistance of 

implant. Qiu et al. [81] electrodeposited HAP-TiO2 composite coatings on the surface 

of  Ni-Ti alloy by the process. Addition of TiO2 to the electrolyte results in needle-

flower-like crystals of HAP. The adhesive strength of HAP-TiO2 coating and HAP 

coating were measured to be 23.7MPa and 13.4MPa respectively. Thicknesses of 

coatings were 7µm in both cases. Qiu et al. [82] also produced HAP-ZrO2 composite 

coatings on Ni-Ti alloy by the same process. The needle-flower-like crystals of HAP 

were obtained due to the addition of ZrO2 to the electrolyte solution. The HAP-ZrO2 

coated surface exhibited higher corrosion resistance and potential as compared to 

uncoated surface. The thickness of the HAP and HAP-ZrO2 coatings were about 7µm 

and 8µm, respectively. The adhesive strength of HAP-ZrO2 coating and HAP coating 

were measured to be 24.2 MPa and 13.4 MPa respectively. Peng et al. [83] deposited 

optical semitransparent and adherent thin CaP coatings on CP-Ti alloy surface in 

modified SBF using periodic pulsed potentials. The average thickness of coatings was 

measured around 200 nm with surface nanoporoisities with a pore size in the range of 

a few nanometers to 1µm. The deposited CaP coatings layer possessed Ca/P ratio of 

1.65. The root-mean-square (RMS) roughness values on Ti-CaP surfaces and untreated 

Ti substrates were about 300 nm and 110 nm respectively. Adhesion strength, wear 

resistance and corrosion resistance of coatings enhanced due to pulsed voltage supply. 

Kar et al. [84] fabricated the surfaces of CP-Ti with HAP in order to make these 

materials bioactive and to enhance osseointegration with pulsed electrodeposition 
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process. The effect of alkali treatment (annealing) at different temperature without 

treatment, 450 °C and 600 °C on the bond strength of coating and it has been observed 

that the adhesion strength of the coating was 16-21MPa, 32-37MPa and 38-44MPa 

respectively. Saremi and Golshan [85] produced nano-HAP coatings by cathodic 

electrodeposition on Ti-6Al-4V substrate. The effects of the variation of the 

electrochemical process variable which include voltage, current density and pulse 

conditions were analysed to determine the change in the microstructure of the deposit. 

Nano-size particles of three phases of calcium phosphates were obtained at ton and toff 

60s and 90s respectively. The amorphous phase with spherical particles with Ca/P ratio 

of 1.38 and a diameter of 100 nm was obtained. Santos et al. [86] used cathodic 

electrodeposition to deposit Ti-6Al-4V surface with HAP nano/micro single crystals. 

Large HAP single crystals oriented along the c-axis appeared to grow up in an 

amorphous HAP base material. Park et al. [87] used pulse electrodeposition method to 

produce calcium phosphate/chitosan coatings with variation of the deposition cycle and 

contents of chitosan solution. The electrodeposition was performed by pulsing the 

voltage during 5 to 20 cycles. The composite coatings have shown a high corrosion 

resistance than bare Ti-6Al-4V substrate. Gopi et al. [88] electrodeposited CNTs 

reinforced HAP coatings on CP-Ti substrate at a potential of -1.4 V. Adhesion strength, 

hardness  and elastic modulus values were measured to be 15.8-22MPa, 6.1-7.5 GPa, 

and 115-130 MPa respectively. Yan et al. [89] fabricated a wear resistive antibacterial 

coating on pure titanium through deposition of hydroxyapatite and nano-Ag effectuated 

by hybridization of chitosan (CS) with Ag+ and Ca2+ . Pulsed electrodeposition mode 

was used. Uniformly dispersed spherical nanoparticles of composite coating were 

obtained at optimized deposition potential and Ag-apatite concentration with excellent 

bio inductive activity. 

Lee [90] studied the effect of electroplated HAP-TiO2 composite coatings on the wear 

and corrosion resistance in Hanks’ solution on Ti-6Al-4V alloy. The anodizing 

treatment was conducted at 10 V at different durations of time (i.e. 40, 50, 60, 120 and 

180 min). After the anodizing process, HAP-TiO2 composite coatings were fabricated 

at constant current densities of 10mA/cm2 in the electrolyte at 80 0C for 60 min. The 

electrolyte was magnetically agitated at a speed of 200 rpm to produce HAP-TiO2 
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coating. Microhardness of the coatings was ranging from 380.62 to 890.92 Hv and the 

maximum hardness of 890.92Hv was obtained with 180-minute anodized sample. Ra 

and RMS values varied from 500-650 nm and 750-900 nm respectively and higher 

values correspond to the higher duration of anodizing. An increase in corrosion 

resistance and a decrease in coefficient of friction of the coatings with increasing 

anodizing duration of alloy substrate were observed. Huang et al. [91] presented the 

antibacterial efficacy and cytocompatibility of electroplated Cu and Zn co-substituted 

HAP (Zn-Cu-HAP) coating on CP-Ti. Cu2+ was substituted into hydroxyapatite 

structure to improve the antibacterial property. Cu ions released from Zn-Cu-HAP and 

produced strong antibacterial effect due to the high antimicrobial ratio (K> 95%). Zn2+ 

acts as secondary material into Cu-HAP to reduce Cu concentration. A dense coating 

of thickness approximately 10μm was obtained. The adhesion strength of Zn-Cu-HAP 

and HAP coating was approximately 12MPa and 10MPa respectively. Zn-Cu-HAP 

coating exhibit superior corrosion protection for Ti substrates. Saremi and Golshan [92] 

used pulsed cathodic electrodeposition to produce a film of osteoconductive and 

biocompatible HAP on Ti-6Al-4V biomedical implants. The process was done at 

different potentials of 3, 4.5 & 6 volts and different duty cycles of 0.4, 0.5 and 0.05. 

Nucleation process enhanced at higher potentials resulting in an increase in a number 

of fine grain particles. Smaller particles were produced at higher duty cycles. Grain 

growth has effected when the number of cycles increased, owing to the fact that more 

base material was generated at optimum values of pH and concentration of the 

electrolyte. The low temperature of electrolyte reduced the grain growth and diffusion 

process was stopped. Fine particles were obtained on the polished surface due to the 

conversion of the nucleation process from heterogeneous to homogeneous mode. When 

current density increased from 1mA/cm2 to 4mA/cm2, thicker coatings were obtained. 

 

1.3.2 Electric Discharge Machining 

Electrical discharge machining (EDM) process is the only non-conventional machining 

process, which can machine effectively hard to cut materials [4]. EDM is generally a 

thermal and electric machining process that produces a large number of electrical sparks 
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in a fraction of seconds. These intense sparks produce a large amount of heat to remove 

material from the workpiece surface [93]. Figure 1.10 shows the experimental and 

material removal mechanics during EDM machining process. 

 

Figure 1.10. Schematic illustrated the mechanism of material removal in EDM 

process 

Moreover, EDM can produce a biocompatible layer on the surface, which also 

enhanced the surface hardness and corrosion resistance of Ti-64 alloy [94]. Peng et. al. 

used EDM to machine the Ti-64 alloy and tuned the surface characteristics as required 

for the osseointegration process [95]. The nanoporous layer has been synthesized by 

EDM, which promising to promote cell adhesion and growth. Ben at al. investigated 

the effect of EDM to improve the surface, chemical, and metallurgical properties of the 

Ti-64 alloy [96-97]. Recently, Prakash et al. critically reviewed the utility of EDM 
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process for machining Ti and its alloy for biomedical applications [4]. Owing to electro-

thermal process, the material gets thermally influenced and various surface 

imperfections like high surface roughness and micro-cracks were developed on the 

machined surface. These developed surface irregularities reduced the quality and 

performance of machined-medical implants such as despoiled corrosion performance, 

and fatigue performance of implant and as a result bone-implant interface failure. In 

order to avoid the formation of surface defects, numerous progressions/hybridization in 

EDM process has been carried out such as Wire-EDM, Ultrasonic Vibration Assisted 

EDM (UVAEDM), Rotary Assisted EDM (RAEDM), HyFlex EDM, Electro Discharge 

Coating/surface modification by composite or green tool electrode, Near Dry EDM and 

Powder Mixed EDM (PMEDM) [98]. 

Most of the researchers used powder mixed dielectric to deposit workpiece surface [99-

100]. Prakash et al. investigated the effect of Si-mixed EDM to alter the surface 

characteristics to improve the biocompatibility, mechano-corrosion, and wear 

resistance properties of a specially designed Ti-35Nb-7Ta-5Zr (β-phase) for orthopedic 

applications [101]. Xie et. al. reported that the surface hardness of 45-C steel has been 

increased from 415 to 1420 Hv using graphite-mixed EDM [102]. Arun et. al. 

synthesized a hard-layer of Ni-W coating on tool-steel by Ni&W-mixed EDM to 

improve the tribological performance [103]. Ekmekci et al. reported that hydroxyapatite 

(HA) enriched bioceramic layer can be successfully deposited on Ti-64 surface using 

HA-mixed EDM process [104]. Ou and Wang used EDC to deposit HA-enriched layer 

on Ti alloy to enhance the biocompatibility of base material [105]. Recently, Prakash 

et al. uncovered the ability of powder-mixed EDM process to deposit nano-HA layer to 

enhance the mechanical, corrosion, bioactivity of Mg-based biodegradable implants 

[106]. Figure 1.11 shows the experimental and material removal mechanics during the 

PM-EDM machining process. 
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Figure 1.11. Mechanism of material removal from the workpiece in PMEDM 

process [98] 

1.3.3 Thermal Spray Coating process 

Thermal spraying a common way of coating the materials, for industrial benefits, 

bypassing the deposition material (powder or wire) through a heating zone where it is 

melted. Finally, the coatings are developed because of the propelling of the melted or 

semi-melted particles towards the substrates [107]. Since the mid-1980s, thermal 

spraying is considered the most promising technique to apply bioactive films on 

metallic implants for orthopedic application [108]. Thermal sprayed coating processes 

for biomedical applications include plasma spray deposition, HVOF spraying, 

detonation-gun (D-GUN) spaying), warm spraying, cold spraying/Cold Gas Dynamic 

Spraying (CGDS), flame spraying. In thermal spray process the deposition of feedstock 

on the surface of materials primarily used as a powder. The powder is proposed onto 

the plasma jet, diffuse from the plasma torch. In the jet stream, the temperature rises up 

to the 10,000°K, the material in the form of powder get melted and propelled towards 

the surface of the substrate. On the surface of substrate molten droplets strike the 

surface and flatten after that rapidly solidify and form a coat. The schematic of the 

thermal spray process is shown in Figure 1.12. This system is consisting of the torch, 

plasma jet, powder, injector, and the substrate. Plasma spray process is a high-
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temperature process, in which the jet stream temperature varies in the range from 8000 

to 15,000°C, allows to deposit of a large number of biomaterials [109-110]. 

 

Figure 1.12. Schematic representation of Thermal Spray Deposition process 

Li, et al., (2004) deposited pure hydroxyapatite coating (HA) and 50%HA+50%TiO2 

coating (HT) on Ti substrate by plasma spraying deposition process. The effect of heat 

treatment followed by the coating on the mechanical properties has been studied. The 

heat treatment enhanced the coating bond strength and removed the residual stress 

developed during the coating process [111]. Sarao et al. (2012) deposited the composite 

coating of Hydroxyapatite (HA) along with titanium oxide (TiO2) in the ratio of 50:50 

in weight percentage by a thermal-spray deposition process. The cell culture 

investigation of the coated layer presents the conceivable applications in the biomedical 

field. The electrochemical examination demonstrated that HA-TiO2 coatings enhanced 

the corrosion resistance of Ti-alloy after immersion in human body host conditions 

[112]. Sidhu et al., (2018) enhance the mechanical properties and corrosion resistance 

of SS 304 L alloy by depositing HA+15% Al2O3 coating using plasma spraying 

deposition [113]. Galdino et al. (2018) deposited HA-TiO2 (50-50% volume) coating 

on the surface of Ti-6Al-4V alloy by a plasma spray technique. Microstructure and 

morphology of coated surface at different HA-TiO2 composition was investigated and 
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it has been found that best range for the HA-TiO2 composition is somewhere in the 

range of 47% and 53%, respectively [114]. Hu, et al., (2018) deposited HA/TiO2 and 

HA/ZrO2 coating on stainless steel substrates by high velocity suspension flame spray 

(HVSFS) deposition process for biomedical applications. The HA/TiO2 coating 

possessed higher mechanical properties than HA/ZrO2 [115]. Hameed et. al. (2019) 

successfully deposited hydroxyapatite using on Ti-6Al-4V alloy using axial suspension 

plasma spray technique. The mechanical, in-vitro corrosion and bioactivity analysis 

results of the coating that exhibit excellent cell adhesion, superior adhesion strength, 

and better corrosion resistance [116]. Hazoor Singh, et al., (2018) studied the corrosion 

and bioactivity of HA/TiO2 composite coating deposited by plasma spray deposition 

process. The 50%HA/50%TiO2 composite coating exhibited excellent corrosion and 

bioactivity [117]. 

1.3.4 Surface Finishing of implants 

Surface finishing processes are used to transform/alter the surface characteristics 

primarily occur because of preceding manufacturing process like casting or forming 

process [118]. Low surface roughness of a part is important to limit erosion powers and 

to upgrade wear resistance and mechanical properties, for example, fatigue life and 

durability. The goal of the present work is to survey distinguishing divisions of nano-

finishing processes applicable to freeform/sculptured surfaces. Conventional 

techniques for accomplishing high surface complete incorporate lapping, grinding, 

turning, honing, polishing, furthermore, and burnishing. Figure 1.13 presents 

conventional and advanced finishing processes. Conventional finishing processes like 

lapping, honing, polishing, and ball burnishing are the oldest methods to get the fine 

surface finish of about 0.08 to 0.25µm [119-120]. In the lapping process, free rough 

particle in the form of the concentrated slurry is utilized to rub against the workpiece. 

The finishing process then deal between lapping plate, abrasive and workpiece. At the 

point when abrasive particle stream unreservedly makes splits along the surface of the 

workpiece. Further which are then evacuated to get at last a smoother surface [121-

122]. 
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Figure 1.13. Various types of process to finish the freeform surfaces 

In this process, there is no change to any dimensional accuracy because of very low 

material removal rate. Figure 1.14 shows the schematic representation of the lapping 

process. In the grinding process, abrasive particle are bounded on a plate or wheel. The 

rotating wheel or plate is press against the linear travelling workpiece for fast removal 

of stock. The surface finish of about 0.9 to 5 µm is achievable by grinding process. Low 

grinding ratio is seen with the prominent wearing of the wheel while grinding of hard-

brittle materials. Besides, while grinding debris tried to block the wheel. This will now 

influenced the uniform distribution of abrasive grain in grinding wheel [123-124].   
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                           Figure 1.14.  Scheme of the Lapping process 

 

Today the polishing of bio-implant is usually joined with high precision CNC procedure 

till the operative proficiency to affirm the uniform evacuation of material over entire 

complex surfaces. The smoothness of polished spherical cups and balls has obtained up 

to nanoscale, with the progress of refined polishing machines [123]. Cheung et al. 

examined the factor that influences the nano surface generation in ultra-precision 

polishing. The investigation offered reasonable techniques for upgrading the surface 

finish of freeform components. Better surface finish was procured including/plus less 

cost and operative time. An arrangement of ideal polishing conditions for machining 

Ti-based knee implants was then presented and uncertainly confirmed. Super finished 

orthopedic implants alongside surface smoothness of beneath 10 nm were 

accomplished [125]. Honing is also a finishing process used for internal finishing of 

work piece. In this process, a honing stone is used which is composed of abrasive grains 

of very fine powder. It is basically utilized for betterment of the geometric form of a 

surface, but side by side it may improve the surface texture too [121]. This process is 

also used in automobile sector to finish the internal cylinder walls of the engine. 

Burnishing process also used for internal finishing of holes or tubes. It provides better 

results if compared with the honing process. In this process, a hardened steel balls or 

rolls are pressed on to the surface of workpiece and imparting a feed motion to the same 

surface [126]. Even though vast applications of these conventional finishing processes, 

but still their have some limitations such as low surface finish and dimensional accuracy 
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seen in these processes. That’s why these processes are not suitable on newly developed 

harder and tougher materials. There are following disadvantages of the conventional 

finishing processes: 

a) Very expensive when machining harder materials up to higher precision. 

b) More energy utilization. 

c) Normal force applied on workpiece surface is more, which further can harm the 

finished surface. 

d) Unfit to finish complicated 3-D shapes and time-consuming. 

To deal with above-stated issues in conventional grinding and polishing process, 

modern and advanced finishing processes such as electrolytic in-process dressing 

(ELID) grinding, chemical-mechanical polishing (CMP), and magnetic abrasive 

finishing (MAF) processes were developed [126-128]. ELID is a hybrid process which 

includes electrolytic process for dressing the grinding wheel and grinding process for 

metal removal [129]. The hard and fine abrasive particles are bounded in grinding 

wheel which perform material removal process. Figure 1.15 shows the schematic 

representation of ELID grinding process. Ohmori et al. [130] studies stated that a 

smooth surface with nano-scale roughness on hard-brittle materials impressively 

produces by ELID grinding. Accordingly, on-going researchers have demonstrated the 

interesting suitability of ELID grinding on manufacturing metallic and ceramic-based 

bioimplants. Kotani et al. [131] employed present same technology to finish Co-Cr-Mo 

alloys. Mirror-like surface finish that compare positively with polished ones was 

accomplished. An oxide layer formed on the surface of the product's which is 

considered in prevention the corrosion was found to be improving by rising the 

electrolytic current used in machining. But then also the danger of peeling of inducing 

abrasive grain on decline the surface finish will be there.  
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Figure 1.15. Schematic representation of ELID set-up and finishing process 

Kotani et al. [23] proposing another ELID grinding system to machine inside the 

surface of a hemispherical cup. The hybrid process unite ELID grinding to be presented 

as appropriate for surface finishing process for sliding parts. The magnetic abrasive 

finishing (MAF) process has been widely adopted for the finishing of engineering 
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components [133-134]. MAF is a modern precision machining procedure in which the 

finishing is carried out with the help of magnetic force and abrasive particle [135]. 

Recently, magnetorheological fluid-based finishing (MRFF) process developed by Jain 

and co-authors were reported a very potential technique for biomedical applications 

[136]. The MRFF process has several advantages upon conventional finishing 

processes. MRFF is an unconventional finishing process, in which finishing action was 

carried out by utilizing magnetic field and magnetic abrasives particles in the working 

gap. Figure 1.16 presents the schematic representation of the magnetorheological fluid-

based finishing process. A homogeneous mechanical blend of rough and iron particles 

is set-up for the magnetic abrasive finishing process. This blend is called Magnetic 

Abrasive Powder and the particles are, therefore, called Magnetic Abrasive particles 

(MAPs). The MAPs are used in magnetic abrasive finishing of flat and cylindrical 

(external and internal) surfaces. Many times the abrasive particles are bonded by a 

sintering process, to the magnetic particles. The particles are then called bounded 

magnetic abrasive particles (BMAPs). Lubricating oil is sometimes added to the blend 

to acquire holding strength, and then it is called as loosely bounded magnetic abrasive 

particles (LMAPs) or it might be a basic mechanical blend of the two, called as 

unbounded magnetic abrasive particles (UMAPs). A magnet is brought close to the 

surface of the workpiece maintaining some gap between the two. The shape of the 

magnet depends upon the shape of the work surface which is to be finished. The 

magnetic field generator can be either electromagnetic coils or permanent magnets.  The 

gap between the magnet and workpiece is known as finishing gap or machining gap or 

working gap. When a magnetic field is produced by the magnet, the iron particles in 

the mixture get magnetized and get aligned along the lines of magnetic force. The 

abrasive particles in the mixture get trapped in the iron particles matrix or, get 

sandwiched between the iron particles and thereby, the abrasive particles are held by 

the magnetic force too. Overall, this alignment of the magnetic abrasive particles forms 

a brush-like structure known as Flexible Magnetic Abrasive Brush (FMAB). The brush 

is termed “Flexible” due to its capacity to take the shape of any of surface profile 

irregularities, if present on the work surface. The normal magnetic force acting on the 

abrasive particles that are in contact with the workpiece produces indentation into the 

workpiece. The relative movement between the induced rough particles of the FMAB 
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and workpiece produces the essential shearing action at the abrasive–workpiece 

interface to expel material from the work-piece as smaller than expected chips. MRFF 

tool was developed for processing complex freeform surfaces, in order to attain nano-

scale level surface roughness. 

 

Figure 1.16. Schematic representation of magnetorheological fluid-based 

finishing (MRFF) process 

According to literature, MRFF for finishing of knee implants and nano-level finish has 

been achieved [137]. Nagdeve et al. further modified MRFF and developed a new 

rotational-magnetorheological abrasive flow finishing process (R-MRFF) for the knee 

implant applications. In this Inverse replica of the workpiece as a finishing fixture is 

recommended for finishing of freeform surfaces up to nano-level roughness [138]. 
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Kumar et al. also used R-MRFF for finishing of knee implants [139]. Barman et. al. 

reported that not only abrasive particles were sufficient for the finishing process, but 

MRFF fluid composition also affect the surface integrity. To finish the titanium alloy 

at the nanometer level, two types of acidic base medium are prepared and specific 

composition of the various acidic base medium is very important to generate required 

surface morphology on the implant [140]. 
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CHAPTER-II 

LITERATURE REVIEW 

This section presents background information on various coating materials and several 

coating techniques used till date. The information here is a summary of important 

information found in a comprehensive literature review, journal articles, thesis and 

books related to Plasma spray technique and alloying of coating materials to enhance 

bioactivity performance of implant. Each result of the research is examined for the 

relevance to the subject of thesis. 

              From the last decade, hydroxyapatite (HA) has been used as vital biological 

coating-materials for load-bearing implant applications especially hip implants [141-

143]. HA, a bio-ceramic element, is one of the most extensively used coating material 

that can enhance the surface energy and bioactivity of metallic biomaterials such as SS-

316L, Ti-6Al-4V, and Co-Cr alloy. Further, several coating techniques have been 

exhaustively used for the deposition of HA on metallic implants which includes: micro-

arc oxidation [144], sol-gel [145], electro-chemical deposition [146], electrochemical 

anodic oxidation [147], sputtering ion coating [148-149], physical vapor deposition 

[150], electric discharge machining [151], plasma spray [152-153], etc. Among these, 

plasma sprays a well-established deposition technique has been widely used for the 

deposition of HA on Ti-based implants [152-154]. Nevertheless, as per the guidelines 

of the Food and Drug Administration (FDA), USA [155], the plasma spray technique 

is the only clinically approved due to its excellent deposition rate and compact coating 

formation in contrast to other methods [156]. 

Further, the coating of HA, via plasma spray technique, has been found to 

enhance the corrosion resistance and bioactivity of Ti-based and other metallic alloys 

[157]. On the contrary, it is reported that HA is brittle, fragile, and possesses lacking 

physical properties (such as less fracture resistance and bond strength) with the 

substrate material, which often degrades in a long-term performance [158-160]. 

Further, various attempts have been made to enhance the physical characteristics and 

reduce the brittleness and fragile nature of HA through reinforcing or alloying with 
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other biomimetic ceramics: such as Al2O3 [161], TiO2 [162-163], ZrO2 [164], CNTs 

[165-166], Graphene [167-168], yttria-stabilized zirconia (YSZ) [169], and SiO2 [170]. 

Singh et al. developed the HA-Nb coating on magnesium-alloy using plasma 

spray coating technique for biomedical applications. The coating has been developed 

to enhance bio-activity performance and degradation of Mg-alloy. The 

alloying/reinforcement of Nb (10%, 20%, and 30%) in HA-matrix on mechanical 

properties, and corrosion resistance, and bioactivity have been studied. Figure 2.1 

shows the coating cross-section morphology of various coatings developed on Mg-

alloy. The high content of Nb-element reduced the brittleness of HA and improved the 

adhesion of coating. The HA-Nb coating exhibit excellent mechanical, corrosion 

resistance and bioactivity [171].  
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Figure 2.1. HA-Nb coating on Mg-alloy: (a) HA, (b) Nb, (c) HA-10Nb, (d) 

HA-20Nb, and (e) HA-30Nb 

Pillai et al. synthesized bio-inspired HA/β-TCP coating on titanium based alloy for 

biomedical application. The effect of heat treatment on the coating morphology, 

corrosion resistance has been evaluated. Figure 2.2 and 2.3 shows the cross-section and 

top surface morphology of β-TCP and HA/β-TCP coatings before and after heat 
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treatment. The coating thickness was observed in the range of 75-100 μm. The coating 

has excellent bonding with the substrate [172].  

 

Figure 2.2. Cross-section and top surface morphology of (a-c) β-TCP and (b-d) 

HA/β-TCP coatings before heat treatment 

Both coating specimens display a heterogenous partly and completely melted surface 

fusion of particles consisting of high ribs of embedded, dispersed molten metal, micro-

cracks, micro-globules and surface porosity, all of which are the expected surface 

characteristics obtained from the plasma scraper. 
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Figure 2.3. Cross-section (a-c) β-TCP and (b-d) HA/β-TCP coatings before and 

after heat treatment 

Ebrahimi et al. deposited a double-layer composite coating of HA-Al2O3-SiO2 on 

pure-titanium alloy using plasma spray coating technique for biomedical application. 

The effect of SiO2 alloying composition (wt. % of 10, 20 and 30) in the coating on the 

surface morphology and biocompatibility has been studied. The coating morphology 

has been improved with the alloying of SiO2 in HA/Al2O3. The SiO2 reduced the 

brittleness of the coating and improved the adhesion strength of coatings. The surface 

roughness has been increased with the addition of SiO2 in HA/Al2O3 matrix. The HA-
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coating has highest surface hardness and better wettability. The HA-Al2O3-20SiO2 

coating exhibit excellent bioactivity and mechanical properties [173]. 

 

Figure 2.4. Top surface morphology of coating: (a) HA-Al2O3-10SiO2, (b) HA-

Al2O3-20SiO2, (c) HA-Al2O3-30SiO2, and (d) EDS-spectrum of coating 

Unabia et al. synthesized the biomimetic Cu-doped HA coating on Ti-alloy using 

plasma spray deposition technique. Surface morphology and crystallinity examination 

has been carried out in details. Figure 2.5 shows the top surface and cross-section 

morphology of HA and Cu-HA coating [174]. Both coating specimens display a 

heterogeneous partly and completely melted surface fusion of particles consisting of 
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high ribs of embedded, dispersed molten metal, micro-cracks, micro-globules and 

surface porosity, all of which are the expected surface characteristics obtained from the 

plasma scraper. The crystallinity analysis revealed that 61 to 81% purity of TCP phases 

were present in the Cu-doped HA coating. The coating possessed excellent 

biocompatibility and can be used for orthopedic applications. 

 

Figure 2.5. Top surface and cross-section morphology of (a-b) HA and (c-d) Cu-

HA coating 

Zhang et al. developed HA-TiO2 coating on Ti-6Al-4V alloy using plasma spray 

coating technique for orthopedic applications. The effect of spray-distance on the 

(a) (c) 

(b) (d) 
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coating morphology and tribological properties has been investigated. The exhibit 

porous structure and as the spray-distance increased the structural porosity increased, 

which deceased the mechanical performance of coating. The wear resistance and 

tribological performance analysis revealed that HA-TiO2 coating have better wear 

performance when coating deposited at 80 mm spray-distance [175].    

 

Figure 2.6. Top surface morphology of HA-TiO2 coating at spray distance (a) 80 

mm, (b) 90mm, (c) 100 mm, and (d) 110 mm 
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Figure 2.7. (a) Wear track behavior and (b) wear rate of coating at different 

spray-distance  

 

 

Figure 2.8. Wear morphology of coating at 100 mm distance at different 

magnification view 

(a) (b) 
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Clavijo-Mejía et al.  developed Bovine-derived biomimetic HA-coating (BHA) on 

304SS steel for biomedical application. The performance of BHA-coating developed 

through HVOF has been compared with the BHN-coating obtained through 

atmospheric plasma spray (APS) process. Figure 2.9 shows the cross-section and top 

surface morphology of BHA-coating developed through HVOF and APS technique. 

From the cross-section micrograph, it can be seen that a dense coating of thickness in 

the range of 100-125 μm has been obtained. The HVOF coated surface have flat and 

smooth morphology as compared with APS-coating [176]. 

 

Figure 2.9. Cross-section and top surface morphology of BHA-coating developed 

through APS (a-c) and HVOF (b-d) technique 

Degradation performance of coating has been evaluated by immersion test. The 

immersion test has been performed in SBF solution for 3, 5, and 7 day. Figure 2.10 and 
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2.11 shows the degraded morphology of BHA-coating obtained through APS and 

HVOF process. From the immersion morphology, it can be seen that APS-derived 

coating promotes higher growth of apatite-layer. Patel like crystal structure can be 

clearly seen on coating surface after 10 days of immersion, which confirmed that 

structure is bioactive. Form the all results, it can be concluded that BHAP-coating 

developed by APS possessed dense layer, defect free morphology, thickness, proper 

roughness and purity which is beneficial for osseointegration process.  

 

 

Figure 2.10. Morphology of BHA-coating obtained through APS process after 

immersion test for (a) 3 days, (b) 5 days, and (c) 7 days at different 

magnifications 
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Figure 2.11. Morphology of BHA-coating obtained through HVOF process after 

immersion test for (a) 3 days, (b) 5 days, and (c) 7 days at different 

magnifications  

Kuo et al. synthesized porous Ta-coating on Ti-alloy using vacuum plasma spray 

process for orthopedic applications. Mechanical properties such as micro-hardness, 

elastic modulus, and adhesion strength has been studied. The surface morphology, 

coating thickness, surface roughness, and porosity have been studied. Immersion test 

in SBF-solution and cell culture analysis using Mg-63 cell line has been performed to 

access the bioactivity of coatings. The effect of alkali treatment (AT), AT and heat 

treatment (AHT), and AHT with ultrasonic cleaning (AHT-UC) on the coating 

performance has been studied [177].  
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Figure 2.12. Porous-Ta coating: (a) Top morphology, (b) 3D surface, (c) cross-

section 
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The coating possessed 55 MPa adhesion strength, the average structural porosity was 

around 13%, and surface rightness was obtained 23 μm. The AHT-UC possessed 

excellent mechanical bioactivity because the microstructure become amorphous, which 

stipulates the apatite growth and favorable for bone in-growth process. Hameed et al. 

studied and compared the performance of Ha-coating developed though atmospheric 

plasma spray (APS) and axial suspension plasma spray (SPS). The microstructure, 

coating purity, thickness, surface defects, mechanical properties, corrosion resistance, 

and bioactivity have been extensively studied [178].  

 

Figure 2.13. Top and cross-section morphology of HA-coating obtained through 

APS (a-b) and SPS (c-d) technique  

(a) (c) 

(d) (b) 
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The effect of gas flow rate and type-of-powder suspension on the coating performance 

has been studied. The maximum surface roughness and porosity was obtained 4.18 μm 

and 17.82%, respectively. The maximum surface hardness and adhesion strength of 

coating was obtained 334 Hv and 38.84 MPa, respectively. The SPS-based coating 

possessed better corrosion resistance and purity. The SPS-coating exhibit better 

bioactivity as compared to APS. 

Ke et al. developed functional graded MgO/Ag2O alloyed HA-coating on the Ti-

surface using plasma spray deposition process. To improve the adhesion strength of 

coating a bond coat of HA was deposited prior to coating using laser deposition 

technique. After that, biocompatible coating of MgO/Ag2O/HA was deposited using 

plasma spray technique. Figure 2.13 shows the coating procedure on the Ti-alloy [179].  

 

Figure 2.14. Deposition of functional graded MgO/Ag2O alloyed HA-coating on 

the Ti-surface using laser and plasma spray process 

Figure 2.14 shows the cross-section and top morphology of HA-bond coat using laser 

deposition and functional graded MgO/Ag2O alloyed HA-coating using plasma spray 

process. From the micrographs, it can be seen that the HA-coating is tightly bound 
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with the substrate and possessed surface hardness of 735 HV. On the other hand, the 

functional graded MgO/Ag2O alloyed HA-coating also exhibit good adhesion and 

coating possessed surface hardness of 685 HV. The adhesion strength has been 

improved by 52%. 

 

Figure 2.15. (a-b) cross-section and top morphology of HA-bond coat using laser 

deposition, (c-d) functional graded MgO/Ag2O alloyed HA-coating using plasma 

spray process 

Figure 2.15 shows the attached cell morphology of Mg-63 cells of HA-bond coat using 

laser deposition and functional graded MgO/Ag2O alloyed HA-coating using plasma 

spray process. Form the micrographs, it can be seen that, the cell growth and adhesion 
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increased with the incubation time. Clear picture of nuclei formation and filopodias can 

be seen. The cells were speared over the entire surface of coating. 

 

Figure 2.16. Bioactivity and cell adhesion analysis after 3, 7, and 11 day on un-

treated, HA-deposited by laser, and functional graded MgO/Ag2O alloyed HA-

coating 

Singh et al. developed the HA-based coating on SS-316L using vacuum plasma spray 

technique for biomedical applications. The effect of 10%Al2O3 and 10%ZrO2 

reinforcement in the HA-matrix on the coating morphology, adhesion strength, micro-

hardness, corrosion resistance, and corrosion resistance and bioactivity has been 

analyzed. Moreover, the effect of heat treatment on the coating morphology, adhesion 
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strength, micro-hardness, corrosion resistance, and corrosion resistance and bioactivity 

has been analyzed. Figure 2.16 shows the top surface morphology of HA-10%Al2O3 

and HA-10%ZrO2 coatings before and after heat treatment [180]. 

 

Figure 2.17. Top surface morphology of HA-10%Al2O3 and HA-10%ZrO2 

coatings before (a,c) and after heat treatment (b,d). 

From the SEM-micrograph, it can be seen that before coating possessed micro-cracks, 

unmelted, and semi-melted particles. After heat treatment, the microstructure has been 

improved and surface defects have been removed. Figure 2.16 shows the micro-

hardness of HA-10%Al2O3 and HA-10%ZrO2 coatings before and after heat treatment. 
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The micro-hardness of HA-10%Al2O3 after heat treatment has been improved after heat 

treatment. 

 

Figure 2.18. Coating micro-hardness of HA-10%Al2O3 and HA-10%ZrO2 

coatings before and after heat treatment 
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Figure 2.17 shows the corrosion performance of un-treated, HA-10%Al2O3 coating, and 

heat-treated HA-10%Al2O3 coating. Form the Tafel plot, it can be seen that the heat-

treated HA-10%Al2O3 coating has low current density as compared to un-treated and 

HA-10%Al2O3 coating.  

 

Figure 2.19. Corrosion resistance of un-treated, HA-10%Al2O3 coating, and 

heat-treated HA-10%Al2O3 coating 

Kaur et al. developed the HA and HA-TiO2 coating on the Ti-alloy using HVOF 

process for biomedical application. The effect of 25%TiO2 reinforcement in HA-matrix 

on the coating micro-structure, mechanical properties, and corrosion resistance has 

been studied [181]. The reinforcement of TiO2 reduced the brittleness of HA and 

improved the bio-mechanical performance of coating. The structural porosities reduced 

by the alloying of TiO2 reinforcement in HA-matrix. The microhardness of coating has 

been increased to 560 MPa form 350 MPa.  
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Figure 2.20. Cross-section morphology of HA-TiO2 coating and EDS mapping 
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CHAPTER-III 

PROBLEM FORMULATION 

This chapter presents a brief introduction to the research and outline of the report. On 

the basis of introduction and literature review, research gaps have been identified and 

in order to fulfill these gaps, research objectives have been finalized.  

3.1. Gaps in Literature 

From the study of exhaustive literature survey, following research gaps have been 

identified:- 

1. The earlier studies on surface modification of Ti-6Al-4V and SS-316L biomaterials 

by plasma spraying technique have been reported in this area. 

2. Surface modification of biomaterial β-Phase Titanium alloy by plasma sprayings 

has been not reported yet. From the available literature, it can be seen that a 

comprehensive knowledge of plasma spraying of β-Phase Titanium alloy with a 

wide parametric range is lacking. 

3. Analysis of the machining parameters that contribute to the biocompatibility of Ti 

alloy such as Coating Layer Thickness (CLT), Surface hardness (HV), Adhesion 

Strength, Wear resistance, Corrosion resistance, Surface Crack density (SCD) and 

Surface roughness (Ra) needs to reinvestigate & re-establish the facts. 

4. The role of nano-scale surface roughness on biological response in terms of bone 

in-growth (Osseointegration) on the treated surface of β-Phase Ti alloy by plasma 

spraying technique have not been attempted yet. 

5. There is a lack of information in the existing literature regarding optimization of 

plasma spraying process parameters for machining of titanium alloys. 

3.2. Proposed Research and Problem formulation 

β-Phase Ti-Nb-Ta-Zr titanium alloys started to gain much popularity due to their 

excellent specific strength, lower modulus (55 GPa), superior tissue compatibility, and 
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higher corrosion resistance. Titanium (Ti) osseointegration is critical for the success of 

orthopaedic implants. The surface modification of implant material is required to 

improve the biocompatibility and to make surface active so that bone in-growth or 

osseointegration takes place. Further, several coating techniques have been 

exhaustively used for the  deposition of HA on metallic implants which includes: micro-

arc oxidation, sol-gel, electrolytic deposition, electrochemical anodic oxidation, 

sputtering ion coating, physical vapour deposition, electric discharge machining, 

plasma spray, etc. Among these, plasma sprays a well-established deposition technique 

has been widely used for the deposition of HA on Ti-based implants. Nevertheless, as 

per the guidelines of the Food and Drug Administration (FDA), USA, the plasma spray 

technique is the only clinically approved due to its excellent deposition rate and 

compact coating formation in contrast to other methods [155]. 

As per the literature and best of the author’s knowledge, there is no study available that 

reported the modification of Ti-Nb-Ta-Zr alloy using plasma spray deposition PSD, 

which is the novelty of research work. This research gap attracts the interest of authors 

to investigate the modification of β-phase alloy Ti-35Nb-7Ta-5Zr (β-TNTZ), by 

depositing a composite coating of HA/TiO2 through PSD process to improve anti-

corrosion and biological performances. Therefore, the potential of the plasma spray 

process to deposit a composite coating of HA/TiO2 on β-TNTZ for the hip-stem has been 

analyzed. The current research also presents the insight into the effect of TiO2 

reinforcement (15 and 30wt. %) in HA on the microstructure, morphology, mechanical 

properties, corrosion resistance, and bioactivity of HA/TiO2 coated β-TNTZ alloy. 

3.3. Research Objectives 

After an exhaustive literature survey, following objectives have been selected to fill the 

research gaps for the present research work: 

1. Fabrication and characterization of β-Phase Ti alloy by vacuum arc melting 

process for orthopaedic application. To determine the mechanical properties 

yield strength and elastic modulus of β-Phase Ti alloy and compare them with 

those of commercially available material like Ti and AISI 316-L medical steel. 
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2. Surface Modification of β-Phase Ti alloy by plasma spraying technique. 

Experimental investigation on the deposition of biomimetic composite layer of 

HA-TiO2 on β-Phase Ti alloy.  The experimentation should enable the variation 

of the composition of biomimetic composite layer e.g. ration of HA and TiO2. 

3. To study the surface characteristics of modified surface by plasma spraying 

technique. The surface integrity will be evaluated by examining the Surface 

roughness (SR), coating layer thickness (CLT), elemental and phase 

composition by scanning electron microscope (SEM), TEM, and X- ray 

diffraction (XRD). 

4. To study the surface properties such as adhesion strength, Surface hardness 

(HV), Corrosion and Wear resistance of modified surface by plasma spraying 

technique.  

5. To determine the effect of plasma spray deposition on the corrosion-fatigue 

performance of β-Phase Ti alloy and compare them with those of commercially 

available material like Ti and AISI 316-L medical steel. 

6. To evaluate the biological response of plasma spray treated β-Phase Ti Implant 

by Cell Culture test (In-Vitro). The biological response will be determined in 

terms of osteoblasts response. Osteoblasts response will be measured by 

cytotoxic effect, cell adhesion, cell proliferation and differentiation by seeding 

human osteoblasts (HOS) cells on the modified surface. 

3.4. Research Design and Methodology 

1. The β-Phase titanium alloy (Ti-Nb-Ta-Zr) will be fabricated by vacuum arc 

melting process. The β-Phase titanium alloy (Ti-Nb-Ta-Zr) will be 

characterized in terms of mechanical properties and microstructure point of 

view. 

2. Surface Modification of β-Phase Ti alloy by plasma spraying technique. The 

plasma spraying technique is available at Metallizing Equipment Co. Pvt. Ltd., 

Jodhpur. Experimental investigation on the deposition of biomimetic composite 

layer of HA-TiO2 on β-Phase Ti alloy. The effect percentage composition of 

HA and TiO2 on the surface properties will be studied. 
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3. Process performance will be measured in terms of Surface roughness (SR) at 

different scale, recast layer thickness, surface hardness, corrosion and wear 

resistant surface. 

4. The relationship will be established between the various input and output 

process parameters using design of experiment technique and output parameter 

will be optimized by Taguchi’s methodology. 

5.  The coating surface will be analyzed in order to understand the surface 

topography using various techniques like SEM, TEM, XRD, Surface hardness 

tester and Surface roughness tester. 

6. The In-vitro corrosion resistance of coatings was assessed using 

electrochemical potentiodynamic polarization test using 

Potentiostat/Galvanostat (Series PGSTAT-12, GAMERY) in simulated body 

fluid (SBF). 

7. The bioactivity of the coated surface was accessed by determining the 

hydrophilic/hydrophobic nature of surfaces, using a wettability test. 

8. Then the biological evaluation of plasma spray surface of β-Phase Ti implant in 

terms of bone in-growth (osseointegration) will be studied by Cell Culture test 

(In-Vitro).  The biological response will be determined to measure the 

obsteoblasts response in terms of cytotoxic effect, cell adhesion, cell 

proliferation and differentiation by seeding human osteoblasts (HOS) cells on 

plasma spray surface. 

Figure 3.1. shows the flow chart of methodology adopted for the experimentation, 

testing, and analysis.  
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Fig. 3.1. Flowchart of methodology adopted for coating and analysis 
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CHAPTER-IV 

EXPERIMENTATION AND 

CHARACTERIZATION 

This chapter covers the details of the materials, methods, experimentation and 

characterization. 

4.1. Selection and Development of Workpiece/implant 

Materials 

For this study, a new class of β-phase Ti-35Nb-7Ta-5Zr has been used as a substrate 

material for coating. The β-phase Ti-Nb-Ta-Zr alloy has been developed using 

vacuum-arc melting process. The β-phase Ti alloy is the best biomaterial used for 

fabrication of implants in comparison to other metallic biomaterialss like SS-316L 

and Ti-6Al-4V alloy, because of its low elastic modulus (~ near the bone), excellent 

mechanical properties and biocompatibility. Table 4.1 shows the properties of β-phase 

Ti-35Nb-7Ta-5Zr in comparison to other metallic biomaterials. 

Table 4.1. Properties of β-Ti alloy compared to human bone, Ti-6Al-4V, and SS-

316L    

Properties β-Ti 

Alloy 

Ti-6Al-4V 

Alloy 

SS 316L 

Alloy 

Bone 

Alloy 

Hardness 285 HV 349 HV 218 HV - 

Density (Kg/m3) 5700 4430 8000 2000 

Elasticity Module  (GPa) 55 110 210 15-20 

Strength (MPa) 560-950 960-970 485 150 

Poisson’s ratio 0.33 0.34 0.3 0.3 

Melting Point (ºC) 1765 1660 1400 - 

Specific Heat (J/Kg ºC) 450 526 500 - 

Thermal Conductivity (W/m ºC) at 20 ºC) 9.8 6.7 21.5 - 

Coefficient of expansion (10-6 ºC-1) 9.03 8.6 14.9 - 
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Vacuum arc melting is a secondary melting process for production of metal ingots 

with high chemical and mechanical homogeneity for great demanding applications 

like Biomaterial, aerospace industries. In this process, the heat source used is a 

standard tungsten Inert gas welding unit. Heating is done by an electric arc struck 

between a tungsten electrode and metals placed in the crucible in an inert atmosphere. 

Repeated melting is performed to improve the homogeneity of the alloy. The β-phase 

Ti-Nb-Ta-Zr alloy was re-melted 4-times using an electric arc to ensure the 

homogeneity. Figure 4.1 (a) and (b) shows the image of vacuum arc melting set-up 

and an as-cast ingot of β-Ti alloy, respectively. The β -phase Ti-35Nb-7Ta-5Zr alloy 

was subjected to heat treatment to enhance the mechanical properties and wear 

resistance. Figure 4.1 (c) shows the cycle for the heat treatment process. 

For microstructure, elemental, and phase composition examination, the samples of 

size 10×5 mm were cut from the as-developed ingot through wire-cut electric 

discharge machining process (Model Ecocut, Electronica, India). To investigate the 

micro-structural properties, the workpiece samples were well polished using adequate 

polishing methods and then samples were etched with Kroll solution (2 ml HF, 5 ml 

HNO3 and 93 ml H2O) for approximately 15s. The microstructure and elemental 

composition of the as-developed β-TNTZ (β-TNTZht) alloy has been studied using 

FE-SEM coupled with EDS (7600F, JEOL, Japan).  

The micro-hardness was determined by Vickers micro-hardness tester (HM-125, 

Mitutoyo, Japan) using a 200g load for holding time 15s. The specimen’s blanks for 

tensile were fabricated from the sheet material of β-phase Ti alloy (Ti-Nb-Ta-Zr). 

Tensile testing was conducted on 100KN Universal Testing Machine (UTM, BIS), as 

can be seen in Figure 4.2. All specimens used in this study for tensile testing were 

conventional tensile ‘‘dog-bones’’, fabricated according to the dimensions consistent 

with ASTM Standard E8‑04 (load bearing cross‑section = 2 mm × 1.5 mm, total 

length 80 mm), as can be seen in Figure 4.3. Tensile tests were carried out with a 

strain rate of 10−4 s−1. Stress v/s strain graph was plotted. 
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Figure 4.1. (a) Photograph of vacuum arc melting set-up and (b) as-casted 

workpiece material, (c) Heat treatment cycle 
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Figure 4.2. 100KN Universal Testing Machine (IIT, Kanpur) 

 

Figure 4.3. Dog-bone-shaped sample for tensile  
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4.2. Selection of feedstock and Coating Materials 

High purity (> 98%) HA powder (10-25 μm) and TiO2 powder (20-50 μm) were 

procured from Sigma Aldrich, US. Figure 4.4 presents the morphology and EDS 

spectrum of as procured powders.  

 

Figure 4.4. SEM image and EDS spectrum of raw powder before Mechanical 

Alloying (a) HA and (b) TiO2 

Before plasma spraying, HA and TiO2 were mixed in the appropriate ratio. Figure 4.5 

shows the SEM-morphological and EDS spectrum of alloyed powder mixture of HA-

(c) 

100 μm 

TiO2 
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20 µm 

(d) 

(a) (b) 
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TiO2. After mixing, the powder of pure-HA and mixture of HA-TiO2 were used as 

feedstock for coating on the β-Ti substrate specimens. 

 

Figure 4.5. (a) SEM micrograph and (b) EDS spectrum of powder mixture of 

HA-TiO2 

4.3. Experimentation and set-up  

The coating of HA and HA-TiO2 powder mixture has been carried out using the 

plasma spray deposition technique. Cylindrical shape specimens (ø 25.4 × 38 mm in 

length) were prepared for coating process. Before coating, the substrate surface was 

grit blasted with alumina (Al2O3) to achieve the roughness (4.5 μm) on substrate 

surface. After that, the specimen’s surface was cleaned to remove the loose alumina 

from the blasted-surface. The plasma was generated using a torch and powder was 

suspended in the plasma. The experimental set-up of plasma spray coating technique 

is shown in Figure 4.6. The HA and TiO2 were mixed in the appropriate ratio as per 

table 4.2. The high velocity plasma at high temperature partially and fully melts the 

powder particles. The powder particles in semi-molten and molten form deposited on 

the workpiece surface and makes mechanical interlocking. The schematic 

representation of the depiction of coating via plasma spray deposition is shown in 

(a) (b) 
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Figure 4.7. Table 4.3 presents the TiO2 ration in HA-matrix used for the deposition of 

HA/TiO2 composite coating.  

 

Figure 4.6. Experimental set-up of plasma Spray Deposition process 

Table 4.2. Plasma Spray Parameters 

Spraying Parameters Value 

Primary Gas Flow (Argon) 30, 35, 40 NLPM 

Secondary Gas Flow (Hydrogen) 2.0 NLPM 

Voltage 65 volt 

Current 500Amp 

Feed rate 32, 36, and 40 g/min 

Spray Distance 100 mm 
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 Figure 4.7. Schematic representation of Plasma Spray Deposition process 

Table 4.3. Coating feedstock for PSD 

Feedstock 
Percentage weight (%wt.) 

HA TiO2 

HA 100 0 

HA-Tx 85 15 

HA-Ty 70 30 

 

In order to examine the effect of process paramters such as feedstock compoistion, 

gas flow rate, and powder feed rate on the coating out put chareterctics such as 

coating surface hardness and adhesion strength was studied. In order to reliable 

results, the design of experiment (DOE) study was planned according to input process 
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paramters and their level. Table 4.5 shows the input process paramresr and their level 

to the experimentation. 

Table 4.4. Input process parameters and their levels 

Parameters Levels 

L-1 L-2 L-3 

Reinforcement of TiO2 in HA (A) 0 15 30 

Gas flow rate (B) 30 35 40 

Powder feed rate (C) 32 36 40 

4.4. Characterization of surface morphology 

The microstructure, elemental, and phase distributions of the PSD based coated 

substrates have been investigated through FE-SEM (make: JEOL-7600F) coupled 

with EDS and XRD. Further, the coating cross-section has been studied to find out the 

thickness of the deposited coating material, as per [182-183]. The thickness of the 

coating layer was measured by taking the cross-section of the coated samples. For 

this, the coated specimens were cut using a low-speed diamond cutter and 

subsequently grounded using 1/0, 2/0, 3/0, 4/0, and 5/0 graded emery paper. Finally, 

the polishing of grounded specimens was carried out using the diamond paste to the 

obtained mirror-like super finished surface. After that, the polished cross-section of 

the coated surface was investigated under FE-SEM to examine the coating thickness 

[184]. Figure 4.8 shows the image of FE-SEM coupled with EDS. The EDS mapping 

scan was carried out to analyze the dispersal of coated elements in the deposited layer 

and distribution of elements through the thickness. The analysis was carried out at 15 

KeV. The phases composition of before and after coating were investigated by X-ray 

diffraction (XRD) with CuK radiation at an incident angle range of 20–80º. Figure 4.9 

shows the image of XRD-machine. 
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Figure 4.8. Field Emission Scanning Electron Microscope (FE-SEM) with EDS 

(Brand: HITACHI, Model: SU8010) 
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Figure 4.9. XRD equipment for Phase Composition Analysis, Brand: X’pert-

PRO, PANalytical, Almelo, The Netherlands 

4.5. Structural Porosity of Coating 

The coating porosity was determined through image analysis using 

computerized optical microscope (Zeiss Axiovert 200 MAT), fitted with imaging 

software (Zeiss Axiovision (Release 4.1)), which is well-matched with ASTM B276 

standard. The porosity levels were measured by capturing an image of the coating 

cross-section and differentiating between porosity and bulk coating by grey level 

areas. The analysis of the grey areas between the pores and bulk coating gives 

percentage porosity. A total of 10 cross-section pictures were analyzed for each 

coating to avoid the overlap between two locations and determine the porosity levels. 
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4.6. Surface Micro-hardness (MH) 

For the microhardness measurements, the test surfaces were prepared using adequate 

grinding and polishing methods according to the ASTM standard (ASTM-E384-11). 

The samples were sectioned with a low-speed precision saw, and the sectioned 

surfaces were polished with an emery paper of 220, 600, 800, 1200, or 2000 grade. 

Then, the samples were mirror-polished using a diamond paste on a napped cloth. The 

cross-sectional surface of the samples was examined for the microhardness 

measurements that were conducted on a Vickers hardness tester (Mitutoyo HM-125). 

An indentation load of 2.45 N was applied with a holding time of 10 s. Five hardness 

readings were recorded for each sample in a straight line from the recast layer to the 

base material. Figure 4.10 (a) and (b) shows the microhardness equipment and well-

polished cross section surface of the sample for microhardness measurements, 

respectively. Figure 4.11 shows the Schematic representation of indentation mark of 

diamond indenter tip for micro-hardness measurement.  

Microhardness is the hardness of a material gauged with instruments using small 

indenters. Therefore, a lower amount of force is applied relative to the standard 

measuring instruments, allowing measurements on thinner sheets or smaller test 

materials that may not respond accurately to measurements conducted with standard 

instruments.  

F= Load in kgf 

d = Arithmetic mean of the two diagonals, d1, and d2 in mm 

HV = Vickers hardness  

𝐻𝑉 =  
2𝐹 𝑆𝑖𝑛 

136°
2

𝑑2
 

𝐻𝑉 =  1.854
𝐹

𝑑2
 

When the mean diagonal of the indentation has been determined the Vickers hardness 

may be calculated from the formula, but is more convenient to use conversion tables. 
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Figure 4.10. (a)Mitutoyo microhardness tester and (b) well-polished cross section 

surface of the sample for microhardness measurements 

(a) (b) 
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Figure 4.11. Schematic representation of indentation mark of diamond indenter 

4.7. Elastic Modulus Analysis 

The bio-mechanical properties, such as nano-hardness, elastic modulus, and adhesion 

strength, have been investigated. The hardness and elastic modulus of the coating was 

measured by nano-indentation technique. For this, well-grounded and polished cross-

sections were used for making an indentation [184]. The samples were sectioned with 

a low-speed precision saw, and the sectioned surfaces were polished with an emery 

paper of 220, 600, 800, 1200, or 2000 grade. Then, the samples were mirror-polished 

using a diamond paste on a napped cloth. The indentations were conducted across the 

cross-section of coated surface. The tests were performed using the Hyistron TI-950 

indentation system using Berkovich indenter using 1000 μN with dwell time 2s. Both 

characteristics were determined by the Oliver-Pharr method, as reported previous 
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study [185-186]. Figure 4.12 shows the Hyistron TI-950 indentation system available 

at IIT, Ropar. 

 

Figure 4.12. Hyistron TI-950 indentation system available at IIT, Ropar 

The hardness of the composite was calculated using eq. 4.1: 

Hardness (H)  =
Pmax

A
        (4.1) 

Where, Pmax is the maximum applied load and A is the projected contact area of the 

indenter. 

The elastic modulus (E) of the composite was calculated using eq. 4.2: 

1

Er
=  

(1−υ2)

E
+

(1−υi
2)

Ei
         (4.2) 

Where, Er and υ are the reducing elastic modulus and possion’s ratio of the tested 

material. vi and Ei are the possion’s ratio and elastic modulus of the indenter. Er is 

calculated according to eq. 4.3: 
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 Er =  
1

2β

√π

√A

dP

dh
         (4.3) 

Where, β is the geometrical factor to correct non-symmetrical indenter shape (For 

Berkovich indenter β = 1.034). Slope (dP/dh) is calculated from eq. 4.4: 

ℎ𝑐 = ℎ𝑚𝑎𝑥 − 𝜀
𝑃𝑚𝑎𝑥

𝑑𝑃 𝑑ℎ⁄
         (4.4) 

Where, hc is contact depth, hmax is maximum deflection, and ε is constant (For 

Berkovich indenter ε = 0.75).    

 

4.8. Adhesion Strength Analysis 

 Standard tensile adhesion test (ASTM C633), which was especially designed 

for thermal spray coatings, was used to evaluate the bond strength of as-sprayed and 

heat treated reinforced HA coatings. Each test specimen consists of two identical 

cylindrical Ti-6Al-4V stubs, one with coating on the surface and other without 

(Loading rod). Special adhesive glue (DP-460 Epoxy Adhesive, 3M USA) with a 

maximum adhesive strength of 40 MPa was used to attach the uncoated stubs with 

coated ones. The facings of the loading rods were grit blasted to enhance the adhesion 

strength. The two stubs were then placed into V groove gravity fixture for proper 

alignment and one solid steel cylinder (1 in. diameter and 2 in. long) was placed on 

the top of two assembled stubs to keep them in compression during the glue curing for 

12 h at room temperature. The test was performed using tensile machine (Zwick 

Roell, Singapore) in which lower arm was fixed and load was applied with movable 

upper arm. A constant cross-head speed of 1 mm/min. was used to apply the tensile 

load. The samples having nearly uniform coating thickness of about 190 µm were 

tested for bond strength test. The bond strength was calculated by dividing the load at 

which the coating was separated from the substrate to the cross-sectional area. Three 

samples were tested for each condition and the average bond strength coupled with 

standard deviation was recorded. 

 

4.9. Corrosion Testing 

The electrochemical analysis was performed to assess the corrosion rate of the non-

machined and machined implant surfaces via potentiodynamic polarization 
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measurements. The tests were performed using an electrochemical workstation 

(Potentiostat/Galvanostat Series PGSTAT-12, Autolab, Kanaalweg, The Netherlands), 

as can be seen in Figure 4.13. Ringer’s solution was used as an electrolyte to simulate 

human body fluid conditions at pH 7.2. The chemical composition of the solution was 

shown in Table 4.6. Before performing the corrosion tests, the specimens were 

immersed in Ringer’s solution for 24 h for stabilization. All experiments were 

performed at (37 ± 1)°C, which corresponds to the normal temperature of the human 

body. The exposed area of the samples in the Ringer’s solution was 1 cm2. The test 

material was used as the working electrode, graphite rod was used as the counter 

electrode, and Ag/AgCl electrode was used as the reference electrode. 

Potentiodynamic polarization curves were obtained at a scan rate of 1 mV/s from −0.1 

V vs. the open-circuit potential to the breakdown of passive region. 

Table 4.5. Chemical composition of SBF solution 

Sr. No. Reagents used Grams in 1000ml 

1 NaCl 8.03 

2 NaHCO3 0.35 

3 KCl 0.22 

4 K2HPO43H2O 0.23 

5 MgCl26H2O 0.31 

6 CaCl2 0.29 

7 Na2SO4 0.07 

8 ((HOCH2)3CNH2) 6.11 

9 1MHCL 1-4 ml 

Data were collected and analyzed on a computer equipped with NOVA software. The 

corrosion rate was determined using the Tafel extrapolation method. In the Tafel 

method, tangents are drawn on a plot of E (potential) vs. log I (current). Upon 

extrapolation of the tangents, the latter intersects at a point corresponding to the 

corrosion potential (ECorr), which can then be correlated to the corrosion current (ICorr) 

on the x-axis. 
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Figure 4.13. Photograph of electrochemical test rig for corrosion testing 

 

4.10. Wettability test 

The bioactivity of the coated surface was accessed by determining the 

hydrophilic/hydrophobic nature of surfaces, using a wettability test. The 

Electrochemical 

work station 

Electrochemical 

cell 



79 
 

hydrophilic/hydrophobic performance of coatings depends upon the water contact 

angle (º). Thin sheets of 10×10×2 mm3 were fabricated at a different set of 

experiments. The drop shape analyser apparatus based on the sessile drop method was 

employed for the contact angle measurements with deionized waters as drops. A high-

resolution CCD camera was used to capture the images during angle formation and 

tangent method to calculate the contact angle between the surface and drop. The 

measurements were repeated three times to calculate the average and to obtain the 

standard deviation. 

4.11     In-Vitro Biocompatibility Analysis 

In-vitro biocompatibility of the surfaces was evaluated using human osteoblastic cell 

line MG-63 [187-189]. The MG-63 human osteoblast-like cell line was procured from 

the National Centre for Cell Science (NCCS) (Pune, India), and used for biological 

evaluation of the non-coated and coated PSD surfaces. The cells were cultured in a T-

25 flask containing Dulbecco's Modified Eagle Medium supplemented with 10% 

bovine serum and 1 vol.% penicillin (Invitrogen) in an incubator at 37°C and 5% CO2 

until confluent. Figure 4.14 shows the un-confluent cell (after 4 hours of cell 

incubation) and full confluent cells (after 4 days of cell incubation), respectively. The 

culture medium was replaced with fresh medium every third day. The β-Ti alloy 

samples were autoclaved and sterilized with ultraviolet radiation for 20 min in a 

biological hood before cell culture. After sterilization, the samples were inserted into 

a 12-well polystyrene multi dish. Confluent cells were seeded and cultured on plastic 

polystyrene (control) and β-Ti alloy plates at a cell density of 1 × 105 cells/cm2. Initial 

attachment of the cells was evaluated after 8 and 24 h of culture. Cells were counted 

using a Countess Automated Cell Counter (Invitrogen) and a hemocytometer. 
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Figure 4.14. Optical micrographs of un-confluent and fully confluent cells 

   

Cell proliferation was evaluated by MTT assay and measuring DNA content. The 

MTT assay was (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) 

assays were performed after the MG-63 cell was cultured on specimens for 1 day, 3 

days, and 7 days. At the determined time point, the culture medium was removed, and 

the MTT reagent (50 mL/ well, M2128; Thiazolyl Blue Tetrazolium Bromide, Sigma-

Aldrich) was added to the culture plate and incubated at 37ºC for 4 hours. Then, the 

MTT reagent was removed and dimethyl sulfoxide (50 mL) was added to each well to 

dissolve the formazan crystals. Results of the MTT assay were expressed as the 

optical density, which was measured at 570 nm using an enzyme-linked 

immunosorbent assay (ELISA) reader (ELx800; Biotek, Winooski, VT, USA). The 

DNA content was measured with a commercially available kit (Quant-iTTM 

PicoGreen® dsDNA assay, Invitrogen, Carlsbad, CA). DNA assay is a method used to 

measure cell turnover and proliferation, hence an indicator of cell turnover in the 

presence or absence of a test material. DNA assay was carried out on the different 

surface treatment samples of β-phase titanium alloy as MG-63 cells were lysed at 3-

time points (Days 1, 3, 7) using a freeze/thaw method which was described above in 

the previous section. Total DNA was assessed using a fluorometric assay 

incorporating bis benzimidazole (Hoechst 33258). A fluorescent effect is produced 

due to the interaction of the reagent with cell DNA. The fluorescence intensity is 

(a) (b) 
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proportional to the amount of DNA and thus the number of cells in the sample. The 

Mg-63 cells were trypsinized and placed into new wells. DNA was extracted at each 

time point using a freeze/thaw technique. Hoechst 33258 was allowed to react with 

the lysate and DNA standards (calf thymus DNA, Sigma) of concentrations 0, 0.31, 

0.63, 1.25, 2.5, 5, 10, and 20 μg/ml in saline sodium citrate buffer (pH 7.0). 

Measurement of fluorescence was performed by using a plate Chameleon V (Hidex) 

and subsequently the DNA content was calculated from the standard curve. Cells 

were harvested as described above and 50 mL of lysed cell content were diluted with 

50 mL of 0.05% Triton-X-100. Fluorescence measurements were obtained using a 

fluorescent multimode detector (DTX880, Beckman Coulter, Brea, CA) with 

reference to a standard. 

Alkaline phosphatase is a membrane-bound enzyme and is used as a marker of 

osteoblast differentiation. In the current study, alkaline phosphatase (ALP) was 

performed on the different surface modification treatments to evaluate the 

differentiation of osteoblast cells on the surfaces. The assay was carried out with cell 

lysates collected at different time points (Days 1, 3 and 7) using the freeze/thaw cycle, 

in which MG-63 cells were trypsinized, counted and seeded at 1 x 106 per 50μl; the 

medium was replaced at 2-day intervals throughout the experiment. At each time 

point the plates were removed from the incubator and placed into a laminar flow 

cabinet, the media was discarded and the wells were gently washed with 1 ml PBS 

(Phosphate Buffered Saline, Serotec. UK) then 1 ml of distilled water was added to 

each well, then the plates were frozen for 15 minutes at –80°C and transferred to an 

incubator at 37°C for 20 minutes. Following each cycle, cells were thoroughly mixed. 

This freeze/thaw technique was repeated twice more. Subsequently, the cell lysate 

was frozen into small vials; such samples were used for the ALP activity 

measurements after 1, 3 and 7 days in culture, by adding 50 μl of each cell lysates 

from the test materials into appropriate 96 well plate and then the addition of 50 μl of 

substrate reagents solution. Glycine solution was prepared by dissolving 0.75 g of 

glycine powder into 90 ml of distilled water adjusted to pH of 10.3 and then the 

volume was made up to 100 ml. The substrate-agent was obtained with 20 mg p-

nitrophenyl phosphate, 17 mg magnesium chloride hexahydrate, 40μl Triton-X 100 
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and made up to 5 ml with 0.1M glycine. A standard curve was prepared fresh by 

diluting of 200 mg p-nitrophenyl phosphate in 0.1M glycine solution (pH 10.3), to 

give a range of different concentration values of standards (50, 25, 12.5, 6.25, 3.125, 

1.563, 0.782, and 0 μg/ml). 100 μl of each p-nitrophenol standards was then aliquoted 

into 96 well plate accordingly, and then the plates were placed on a shaker for 2 

minutes and read at 0 and 20 minutes using Dynex plate reader at a wavelength of 410 

nm. For cell differentiation alkaline phosphatase (ALP), osteocalcin and 

Osteoprotegerin activity assays were performed after 24 hrs of cell culture. 

At given time points, the cultured samples were taken from the incubator, and the 

cells were fixed with 2.5% glutaraldehyde for 30 min, then washed three times with 

phosphate buffered saline solution, then dehydrated progressively in ethanol at 

varying concentrations of 30, 50, 70, 90, and 100% for 10 min. Then, the samples 

were dried for 24 h in a desiccator before gold sputtering for FE-SEM analysis of the 

samples. Figure 4.15 shows the photographs of cultured dried samples after fixation. 

 

Figure 4.15. Photograph of cell cultured samples after fixation  

4.11. Wear Testing 

The wear resistance of HA and HA-TiO2 coatings was evaluated by pin-on-disc 

wear test rig (DUCOM, Instruments Pvt. Ltd, Banglore, India). Figure 4.16 shows the 

experimental set-up of wear test rig. To perform wear test, a pin of ϕ 5 × 10 mm was 

(a) (b) 
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prepared from the coated samples. The pin was rubbed against Al2O3 abrasive based 

counter surface and sliding distance was taken 500 m. The sliding velocity for wear 

test was taken 0.1 m/s. The amount of specific wear rate K (mm3.N-1.m-1) and the 

coefficient of friction were determined. Worn surface morphology was evaluated by 

FE-SEM. 

 

Figure 4.16. Photograph of wear test rig 

4.12. Statistical Analysis 

All data are presented as mean ± standard deviation (SD). All experiments were 

repeated three times to ensure the validity of the observations. The data were 

examined using analysis of variance (ANOVA) and the significant difference between 

groups was determined using the Student’s t-test at a 95% confidence interval. A p 

value of less than 0.05 was considered as statistically significant. 
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CHAPTER-V 

RESULTS AND DISCUSSIONS 

This chapter covers the discussions of results and analysis in two phases. The first 

phase covers the discussion of the results and analysis of experimental work, in which 

the surface characteristics of β-phase Ti alloy after coating process has been 

investigated. A comprehensive and critical investigation of the microstructure, surface 

morphology, surface chemistry, surface roughness, coating layer thickness, surface 

crack density, and surface microhardness has been conducted to evaluate the efficacy 

of plasma spray deposition as a surface modification technique has been presented in 

this section. The second phase covers the effect of these surface characteristics on 

corrosion resistance, wear resistance, and bioactivity of the modified surface has been 

evaluated. 

5.1. Microstructure and Mechanical Property Examination of β-Ti 

alloy 

Figure 5.1 and 5.2 shows the microstructure, elemental-composition, phase-

composition, and mechanical properties of β-TNTZ and β-TNTZht alloy, respectively. 

Figure 5.1 shows the microstructure, associated EDS-spectrum, and HR-TEM 

crystallography structure of as-developed β-TNTZ alloy. The micro-structural 

examination revealed that β-TNTZ alloy possessed metastable β-phase with coarse 

grain size ranging ~250µm, as reported elsewhere [190]. The crystallographic 

examination showed that β-TNTZ alloy consisted of metastable ‘β’ phase in the 

matrix, refer Fig. 5.1(a). The associated EDS spectrum of β-TNTZ alloy shows the 

significant peaks of Ti (52.94%), Nb (35%), Ta (7%), Zr (5%), and O (0.06%) 

elements confirm to the base elemental composition of the alloy, refer Fig. 5.1(b). 

From the crystallographic examination, it can be observed that as-developed alloy 

comprised β-phase.  

Figure 5.2 shows the microstructure, associated EDS-spectrum, and HR-TEM 

crystallography structure of β-TNTZ alloy after heat treatment. The microstructure 
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was refined and grain size (100-150µm) was reduced significantly after heat 

treatment, refer Fig. 5.2(a). Furthermore, the heat-treatment process precipitated the 

‘ά and nano-structured ‘ω’ phases, as observed elsewhere [191-192]. The associated 

EDS spectrum of β-TNTZht alloy indicated the peaks of Ti (52.79), Nb (35%), Ta 

(7%), Zr (5%), C (0.15%), and O (0.25%) elements, refer Fig. 3(d). The presence of 

the ‘C’ and ‘O’ elements was attributed owing to the cryogenic quenching, which 

further enhanced the mechanical properties.  

 

Figure 5.1. (a) Microstructure, (b) Elemental composition, and (c) 

Crystallography of un-treatment β-phase Ti-35Nb-7Ta-5Zr alloy 

(a) Grain size 
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β 

β [001] 
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Figure 5.2. (a) Microstructure, (b) Elemental composition, and (c) 

Crystallography of β-phase Ti-35Nb-7Ta-5Zr alloy after heat treatment 

Figure 5.3 shows the XRD pattern of β-phase Ti-alloy before and after heat treatment. 

From the XRD patterns it can be seen that β-TNTZ alloy exhibited β-phase peaks 

majorly. However, minute peaks of ‘α’-phase’ has formed due to aging, which is in 

good agreement with results published elsewhere [190-193]. The percentage area of 

grain boundaries in the β-TNTZht sample is smaller than the as-developed β-TNTZ 

sample, owing to the wetting phenomena among the grain boundaries. As a result of 

this, the brittle structure has been formed that improved mechanical properties.  
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Figure 5.3. XRD pattern of β-phase Ti alloy (Ti-Nb-Ta-Zr) before and after heat 

treatment 

The tensile test was performed on the β-Ti alloy as per the procedure explained in 

chapter 4. The tensile test specimen was prepared according to ASTM standard and 

well-polished surface. The stress versus strain curve obtained from tensile tests of the 

well-polished β-Ti alloy is presented in Figure 5.4. From the tensile test, it can be 

concluded that the β-phase Ti alloy exhibits excellent mechanical properties 

compatible for implant replacements. The Mechanical properties are such as tensile 

strength (UTS) 590 Mpa with percentage elongation of 13.47%, exhibit low young’s 

modulus 55 Mpa near to the cortical bone (approximately10–30GPa) as compared to 

Ti-6Al-4V alloy and SS-316L. The mechanical properties of the β-Ti alloy in 

comparison to other titanium alloys used in biomedical applications. The β-Ti alloy 

has high elongation compared to Ti-6Al-4V, but still in the range adequate for 

biomedical applications, according to Niinomi [193].  
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Figure 5.4. Stress-strain diagram of β-Ti alloy before and after heat treatment 

The microhardness of the as-developed β-Ti alloy was obtained 245 HV, which is low 

and results in poor wear resistance in load bearing applications. In order to improve 

the wear resistance and strength, heat treatment was carried out, which improve the 

strength and hardness of alloy. The tensile strength and micro-hardness of the β-

TNTZ sample after heat treatment have been increased from 590 to 1195MPa and 245 

to 515HV, respectively. The elastic modulus of the β-TNTZht alloy is 89 GPa, which 

is lower than the Ti-4Al-4V alloy (110 GPa) and Co-Cr alloy (220 GPa). The 

mechanical properties obtained through the heat-treatment process suggest that the β-

TNTZ is high strength alloy and can be used for the HIP, knee and acetabular 

component applications. 
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In the present research work, the heat-treated β-TNTZ alloy was proposed for the 

HIP-stem application. Despite the excellent mechanical properties, the β-TNTZ alloy 

surface required surface modification, because the HIP-stem is coated with bioactive 

materials, which provide the better osseointegration and better stability to the 

implantation. So, in the current research the β-TNTZ alloy was coated with HA and 

HA-TiO2 based materials using plasma spray coating technique. The details 

examination in terms of surface morphology, costing thickness, surface-hardness, 

adhesion strength, corrosion resistance, wear resistance and bioactivity has been 

analyzed in the next sections. 

5.2. Coating Experimentation and Parametric Analysis  

The HA and HA-TiO2 based coating materials has been deposited on the β-TNTZ 

alloy using plasma spray coating techniques. The preliminary or pilot experimentation 

has been performed in order to identify the influential input parameters which affect 

the coating characteristics in terms of micro-hardness and adhesion strength. As per 

literature and preliminary or pilot experimentation reinforcement of TiO2 in HA, gas 

flow rate, and powder feed rate was selected as presented in Table 5.1. 

Table 5.1. Input process parameters and their levels 

Parameters Levels 

L-1 L-2 L-3 

Reinforcement of TiO2 in HA (A) 0 15 30 

Gas flow rate (B) 30 35 40 

Powder feed rate (C) 32 36 40 

 

As per the selected process parameters and their level as presented in Table 5.1, the 

design of experiment (DOE) technique has been planned for the experimentation. 

Accordingly, L-9 orthogonal array (OA) has been chosen for experimentation. The 

micro-hardness and adhesion strength of coating surface was chosen for evaluation of 

coating performance. Table 5.2 shows the DOE plan and experimentation has been 

performed accordingly.  

 

 



90 
 

 

Table 5.2. Design of experiment plan 

Sr. No Reinforcement 

of TiO2 in HA 

Gas flow 

rate 

Powder 

feed rate 

1 0 30 32 

2 0 35 36 

3 0 40 40 

4 15 30 36 

5 15 35 40 

6 15 40 32 

7 30 30 40 

8 30 35 32 

9 30 40 36 

 

The micro-hardness and adhesion strength of coatings as per DOE plan was recorded 

as shown in Table 5.3. The results obtained in Table 5.3 were used for the statistical 

analysis, for micro-hardness and adhesion strength, by using MINITAB-17 statistical 

software package. 

Table 5.3. Design of experiment plan 

Sr. No Reinforcement 

of TiO2 in HA 

Gas 

flow 

rate 

Powder 

feed 

rate 

Surface 

Hardness 

(GPa) 

Adhesion 

Strength 

(MPa) 

Mean S/N 

Ratio 

Mean S/N 

Ratio 

1 0 30 32 125.55 41.98 18.15 25.18 

2 0 35 36 125.42 41.97 17.50 24.86 

3 0 40 40 137.66 42.78 17.05 24.63 

4 15 30 36 120.32 41.61 16.35 24.27 

5 15 35 40 110.13 40.84 17.65 24.93 
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6 15 40 32 303.86 49.65 29.50 29.40 

7 30 30 40 145.81 43.28 18.65 25.41 

8 30 35 32 300.81 49.57 30.19 29.60 

9 30 40 36 302.84 49.62 30.13 29.58 

Taguchi’s methodology has been used to analyze the design of experiments (DOE). 

Taguchi method has been widely used in engineering problems to optimize 

performance characteristics by means of selecting process parameters and their levels. 

This method is a combined form of mathematical and statistical tools operated for the 

process improvement and development of products. This method can provide optimal 

combinations of parameters with minimum variability.  

Taguchi’s DOE technique proposed the design matrix of experimental trial runs based 

on the orthogonal array depending upon on the number of parameters and their levels. 

As per Taguchi, many OAs were suggested to suit the combination of parameters and 

their levels. On the basis of appropriate design matrix, experiments can be performed 

to get the inference about the quality. The standard two-level, three-level and five-

level arrays as reported by Ross et al. [194] are: 

a) Two-level arrays: L4, L8, L12, L16, L32 

b) Three-level arrays: L9, L18, L27 

c) Five-level array: L25 

The number as subscript in the array designation indicates the number of trials in that 

array. The degree of freedom (DOF) available in an OA is: 

1Nf
NL 

 

Where NLf
= total degrees of freedom of an OA 

 LN =OA designation 

 N = number of trials 
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When a particular OA is selected for an experiment, the following inequality must be 

satisfied as reported by Ross et al. [194]: 

NLf
 ≥ Total DOF required for parameters and interactions. 

Depending on the number of levels in the parameters and total DOF required for the 

experiment, a suitable OA is selected. 

Taguchi’s methodology classified signal to noise (S/N) ratio as objective functions 

into to three categories, namely, lower-the-better, higher-the-better, or nominal the 

better. Accordingly, the loss functions are narrated below: 

a) Higher-the-Better 

S

N
ratio =  −10log (

1

n
∑

1

yij
2

n

i=1

) 

b) Lower-the-Better 

S

N
ratio =  −10log (

1

n
∑ yij

2

n

i=1

) 

Where yij = ith replicate of jth response, n = number of replicates = 1, 2,.…,n; j =1, 

2,…,k. 

c) Nominal-the- Better 

S

N
ratio =  10log (

y̅2

s2
) 

Where, 

y̅ =
y1 + y2 + y3 … … … … … . +yn

n
 

and 

s2 =
∑(yi − y̅)2

n − 1
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A nominal-the-best type of problem is one where minimization of the mean squared 

error around a specific target value is desired. In the present study, surface 

microhardness and adhesion strength need to be maximized hence the “higher the 

better” type response is selected. The technique is applied to the study with following 

steps shown in Figure 5.5. 
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A statistical analysis of variance (ANOVA) can be performed to determine the effect 

of process parameters on the performance measure. The optimum conditions can be 

found out by observing the minimum or maximum points for the performance 

Figure 5.5. Taguchi experimental design and analysis flow diagram 

 

Selection of Orthogonal Array (OA) 

Decide:  Number of parameters, Numbers of levels,  

 Interactions of interest, Degrees of freedom 

(DOF) required 

OA Selection Criterion 

Total DOF of OA> DOF required for parameters and 

interactions 

Assign parameters and interactions to columns of OA 

using Linear graph and/or Triangular tables 

Noise? 

 Consider noise factors and use 

appropriate outer array 

Decide the number of repetitions (at 
least two repetitions) 

 Run the experiment in random order 

 Record the responses 

 Determine the S/N ratio 

 

Conduct ANOVA on raw data Conduct ANOVA on S/N data 

Classify the factors 

Class I: affect both average and variation 

Class II: affect variation only 

Class III: affect average only 

Class IV: affect nothing 

Identify control parameters which 

affect mean of the quality 

characteristics 

Identify control parameters which 

affect mean and variation of the 

quality characteristics 

Select proper levels of Class I and Class II factors to reduce 

variation and Class III factors to adjust the mean to the target 

and Class IV to the most economic levels 

 Predict the mean at the selected levels 

 Determine confidence intervals 

 Determine optimal range 

 Conduct conformation experiments 

 Draw conclusions 
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measures from S/N plots. The optimum conditions identified through the analysis are 

required to be confirmed by confirmation experiments. The response variable fitted 

using a polynomial quadratic equation to correlate each response variable to the 

independent input parameters. The mathematical model of each response is generated 

and described in the form of second-order non-linear Eq. 5.1: 

𝑌 = 𝛽𝑜 + ∑ 𝛽𝑖𝑋𝑖 +

𝑛

𝑖=1

∑ 𝛽𝑖𝑋𝑖𝑖
2 + ∑ 𝛽𝑖 𝑗 𝑋𝑖 ∑ 𝛽𝑖𝑋𝑖

𝑛

𝑖=1

𝑛

𝑖=1

𝑛

𝑖=1

𝑋𝑗 5.1 

Where Y is the corresponding response; Xi is the input parameter; Xii
2 and XiXj are the 

squares and interaction terms of these input parameters; βo, βi, βij, and βii are the 

regression coefficients of parameters. The analyses were made using three-dimensional 

response surface plots constructed for each polynomial equation with Minitab-16 

software (Minitab, Inc.). After achieving the optimum conditions for performance 

measures, the final step is to verify the performance at optimum conditions. After 

predicting the performance measures at optimum conditions, comparisons can be made 

with the experimental value of performance measures to check the percentage 

improvement in performance measure. 

5.2.1. Effect of coating parameters on Micro-hardness 

The observed average of means and S/N ratios for the obtained surface micro-

hardness and adhesions strength after experimentation is shown in Table 5.2. The 

effect of reinforcement concentration of TiO2, gas flow rate, and powder feed rate has 

been studied on diffusion surface micro-hardness and adhesions strength by observing 

the mean and S/N ratios plots. Higher-the-better type criterion was selected for 

analyzing the effect of input parameters on surface micro-hardness and adhesions 

strength. Figure 5.6 shows the mean effects and S/N ration plot for the surface micro-

hardness of the developed coating versus reinforcement concentration of TiO2.  
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Figure 5.6. Main effect and S/N ratio plot of surface hardness with respect of 

percentage composition of TiO2 in HA 

As regards the first parameter, reinforcement of TiO2 concentration, it has been found 

that when the %wt. of TiO2 has increased in the HA the resulting surface micro-

hardness of the coated implants was also increased. The coated substrates, having 

30%wt. of TiO2, possessed higher surface hardness, nearly about twice, when 

compared with the uncoated substrate. This is mainly because TiO2, in comparison 

with HA and substrate material, exhibits higher mechanical hardness. Further, with 

greater %wt. of TiO2, as reinforcement of HA, the coated substrate obtained greater 

density as well as a reduction in porosity in the coating [44]. The mean effect plot was 

similar pattern with S/N ration plot. Figure 5.7 shows the mean effects and S/N ration 

plot for the surface micro-hardness of the developed coating versus gas flow rate. 
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Figure 5.7. Main effect and S/N ratio plot of surface hardness with respect of gas 

flow rate 

In the case of gas flow rate, it has been found that the surface micro-hardness of the 

coated substrate increased with an increase in the gas flow rate from 30 to 40 l/min. 

This is because, for surface micro-hardness, the partially melted regions play an 

important role in determining the final average surface hardness of the coatings. 

Further, the overall surface hardness of the coatings increases as the volume fraction 

of partially melted regions decreases with an increase in the gas flow rate. Figure 5.8 

shows the mean effects and S/N ratio plot for the surface micro-hardness of the 

developed coating versus powder feed rate. 
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Figure 5.8. Main effect and S/N ratio plot of surface hardness with respect of 

powder feed rate 

In the case of powder feed rate, it has been found that the surface hardness of the 

coatings increased with a decrease in the feed rate of the powder. It has been found 

that when the feed rate of the powder is higher, more dwelling time was needed for 

the melting of the powder particles, therefore, to make the coating denser. Moreover, 

at a low carrier gas pressure, with a low powder feed rate, the difficulties of heat 

transfer from the surface into the interior of particles can cause high porosity of the 

powders [153].  
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From the Figure 5.6 to 5.8, it can be seen that the optimized process parametric levels 

for obtaining maximum surface micro-hardness are: powder ratio – 30% wt. of TiO2, 

gas flow rate – 40 l/min, and powder feed rate – 32 g/min. The average value of mean 

(raw data) and S/N ratio for surface micro-hardness at different levels of input 

parameters are depicted in Table 5.4 and 5.5 respectively. From the observations, it 

can be seen that reinforcement of TiO2 in HA has rank 1, gas flow rate rank 2, and 

powder feed rate has rank 3. 

Table 5.4. Response table for means of surface micro-hardness of coating 

Level Reinforcement of 

TiO2 in HA 
Gas flow rate Powder feed rate 

1 129.5 130.6 243.4 

2 178.1 178.8 182.9 

3 249.8 248.1 131.2 

Delta 120.3 117.6 112.2 

Rank 1 2 3 

 

Table 5.5. Response table for S/N ratio of surface micro-hardness of coating 

Level Reinforcement of 

TiO2 in HA 
Gas flow rate Powder feed rate 

1 42.24 42.29 47.07 

2 44.03 44.12 44.4 

3 47.49 47.35 42.3 

Delta 5.25 5.06 4.77 

Rank 1 2 3 

 

To find out the significance of the input process parameters, analysis of variance 

(ANOVA) has been conducted, refer to Table 5.6. It can be seen from ANOVA Table 

that all the three selected input parameters have statically significantly, at a 95% 

confidence level, contributed in the resulted surface micro-hardness of the coated 

specimens, as their respective P-value < 0.05. Despite this, the process parameter, 
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reinforcement of TiO2 in HA has a maximum contribution (about 35.39%), while the 

gas flow rate has contribution about 33.76%, powder feed rate has contribution about 

30.49%, and error has only 0.36% contribution in affecting the surface hardness of the 

coatings.  

 

 

Table 5.6. Analysis of variance (ANOVA) for surface micro-hardness 

Source DF Seq-SS Adj-SS Adj-MS F P 
% 

Contribution 

A 2 21968.7 21968.7 10984.3 98.13 0.01 35.39 

B 2 20953.5 20953.5 10476.7 93.6 0.011 33.76 

C 2 18925.4 18925.4 9462.7 84.54 0.012 30.49 

Residual 2 223.9 223.9 111.9   0.36 

Total 8 62071.4      

 

5.2.2. Effect of coating parameters on adhesion strength 

Figure 5.9 shows the mean effects and S/N ratio plot for the adhesion strength of the 

developed coating versus reinforcement concentration of TiO2. It can be seen for the 

powder ratio that the adhesion strength of the coating increased, as the powder ratio 

increased from 0 to 30% wt. of TiO2. From this, it can be estimated that the adhesion 

strength for the coating was considerably increased by adding TiO2 particles in HA. 

The higher bonding strength (about 26.57 MPa) was achieved at 30% wt. of TiO2 in 

HA. The reinforcement of TiO2 reduced the brittleness of the HA and improved the 

adhesion properties during the coating.  
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Figure 5.9. Main effect and S/N ratio plot of adhesion strength of coating with 

respect of percentage composition of TiO2 in HA 

Figure 5.10 shows the mean effects and S/N ration plot for the adhesion strength of 

the developed coating versus gas flow rate. In the case of gas flow rate, it has been 

found that the adhesion strength of the coating increased with an increase in the gas 

flow rate during plasma spraying. An increase in gas flow rate tends to increase the 

velocity of the spray, however, it increases the plasma jet temperature that led to an 

increase in the particle melting [153-154]. Therefore, particles were succeeded in the 

plasma gas flow rate, an increases in the plasma/particle interaction duration, resulting 

in high adhesion strength. 
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Figure 5.10. Main effect and S/N ratio plot of adhesion strength of coating with 

respect of gas flow rate 

Figure 5.11 shows the mean effects and S/N ration plot for the adhesion strength of 

the developed coating versus powder feed rate. Lastly, in the case of powder feed rate, 

it has been noticed that the adhesion strength of the coating suffered, significant when 

the powder feed rate was incremented. Any change in the powder feed rate affects the 

count of particles, sharing the kinetic/thermal energies of the flame [160]. This, 

indeed, as a result, affects the particle velocity and the temperature. Higher feed rate 

intends to release and deposit un-melted powder particles that cause a reduction in the 

splat flattening ratio and an increase in the porosity. Since the sprayed particles are 

unable to attain required velocity and temperature, therefore, adhesion strength has to 

compromise. Along with this, higher feed rate tends to enforce mutual interaction 

amongst the particles and the momentum, as well as temperature, of the plasma jet 

decrease.   
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Figure 5.11. Main effect and S/N ratio plot of adhesion strength of coating with 

respect of powder feed rate 

From the Figure 5.9 to 5.11, it can be seen that the optimized process parametric 

levels for obtaining maximum adhesion strength of coatings are: powder ratio – 30% 

wt. of TiO2, gas flow rate – 40 l/min, and powder feed rate – 32 g/min. The average 

value of mean (raw data) and S/N ratio for adhesion strength at different levels of 

input parameters are depicted in Table 5.7 and 5.8 respectively. From the 

observations, it can be seen that reinforcement of TiO2 in HA has rank 1, gas flow rate 

rank 3, and powder feed rate has rank 2. 

Table 5.7. Response table for means of adhesion strength of coating 

Level Reinforcement of 

TiO2 in HA 
Gas flow rate Powder feed rate 

1 24.89 24.95 28.06 

2 26.2 26.46 26.24 
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3 28.2 27.87 24.99 

Delta 3.31 2.92 3.06 

Rank 1 3 2 

 

Table 5.8. Response table for S/N ratio of adhesion strength of coating 

Level Reinforcement of 

TiO2 in HA 
Gas flow rate Powder feed rate 

1 17.57 17.72 25.95 

2 21.17 21.78 21.33 

3 26.32 25.56 17.78 

Delta 8.76 7.84 8.16 

Rank 1 3 2 

 

Analysis of variance (ANOVA) for adhesion strength of coatings has been presented 

in Table 5.9. It can be seen from ANOVA table that selected input parameters, except 

gas flow rate, have significantly, at a 95% confidence level, contributed in the resulted 

adhesion strength of the coated specimens, as their respective P-value < 0.05. The 

parameter, reinforcement of TiO2 in HA has a maximum contribution (about 37.47%), 

while the gas flow rate has about 29.76% contribution, powder feed rate has 

contribution about 32.41%, and error have 0.35% contribution in affecting the 

adhesion strength. For the confirmation of the predicted optimized settings, by 

Taguchi L9 orthogonal array, a set of three confirmatory experiments have been 

performed. It has been found that the experimental values obtained at optimized 

settings are: surface micro-hardness – 369 HV GPa and adhesion strength – 34.45 

MPa. The average experimental values of the confirmatory experiments are greater 

than the values obtained during the design of experiments, indicating the reliability of 

the optimized setting in improving the performance characteristics of the coated 

implants. Table 5.10 shows the conformation of experiments. 
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Table 5.9. Analysis of variance (ANOVA) for surface adhesion strength 

Source DF Seq-SS Adj-SS Adj-MS F P 
% 

Contribution 

A 2 116.23 116.23 58.1152 106.77 0.009 37.47 

B 2 92.317 92.317 46.1585 84.8 0.012 29.76 

C 2 100.54 100.54 50.2698 92.35 0.011 32.41 

Residual 2 1.089 1.089 0.5443 0.5443  0.35 

Total 8 310.176      

 

Table 5.10. Confirmation of experiments 

Response (Units) Optimal Levels 

of process 

parameters 

Predicte

d Value 

Experime

ntal Value 

Percentage 

Error (%) 

Micro-hardness 

(HV)  

A3 B3 C1 369.70  365 5.08 

Adhesion Strength 

(MPa) 

A3 B3 C1  34.45  33.57 3.22 

 

5.3. Coating Morphology and Performance 

5.3.1. Study-I 

Surface morphology of HA and HA-TiO2 coatings obtained at process parameters as 

per Table 5.11 has been analyzed. Where the effect of reinforcement of TiO2 in HA, 

gas flow rate, and powder feed stock has been considered.  
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Table 5.11. Plasma Spray Parameters 

Spraying Parameters Value 

Primary Gas Flow (Argon) 40 NLPM 

Secondary Gas Flow (Hydrogen) 2.0 NLPM 

Voltage 65 volt 

Current 500Amp 

Feed rate 32 g/min 

Spray Distance 120 mm 

 

5.3.1.1. Surface morphology of coating 

Figure 5.12 and 5.13, and 5.14 shows the coating morphologies of two HA, HA-

15TiO2, and HA-30TiO2 coated surface at different views (top and cross-sectional). 

Both coating specimens display a heterogeneous partly and completely melted surface 

fusion of particles consisting of high ribs of embedded, dispersed molten metal 

(presented via yellow arrow), micro-cracks (presented via white arrow), micro-

globules (presented via red arrow) and surface porosity (shown in the yellow circles), 

all of which are the expected surface characteristics obtained from the plasma scraper 

[142]. From the cross-section micrographs, it can be seen that the thickness of HA, 

HA-15TiO2, and HA-30TiO2 coatings were measured approximately ~185-200 μm.  

Figure 5.12 (a) and (b) show the top surface and cross-section morphology of HA-

coated substrates. The HA-coating comprised bigger and high degree of globules of 

un-melted particles and interconnected surface porosities as compared to HA-15TiO2, 

and HA-30TiO2 coatings, as can be seen in Figure 5.12(a).  
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Figure 5.12. Top surface and cross-section morphology of HA coating 

 

It is evident from the cross-section that HA coating’s surface comprises micro-cracks 

and micro-holes of different sizes which are unevenly distributed. From the interface 
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of HA coating and substrate, it can be seen that the coating has poor bonding with the 

substrate owing to the high brittle nature of HA, which degraded the mechanical 

properties of the coating. This is attributed because of high-temperature HA 

disintegrated into ‘Ca’ and ‘P’ and during deposition, these phases form porous 

structure and amorphous hump as a result poor interface-bonding was obtained. On 

the other hand, when TiO2 was reinforced in HA, a positive effect on surface 

morphology, microstructure, and adhesion strength of coating material with the 

substrate was observed. Figure 5.13 (a) and (b) shows the top surface and cross-

section morphology of HA-15TiO2 coated surface. The surface morphology of top-

surface is competitive flat, smooth, and less defective. It has been found that the 

surface was comparatively denser than the HA coated surface and agglomeration of 

HA/TiO2 nano-particles was observed. The reinforcement of TiO2 in HA has prevented 

the formation of larger pores, as can be seen in Figure 5.13(a). From the cross-section 

micrograph, it can be seen that coating layer exhibit small micro-cracks, porosity, un-

melted particles and smaller quantities of micro-holes. The laminar structure in the 

HA matrix was formed by the TiO2 due to that extremely dense coating was obtained, 

which improve the mechanical properties. Figure 5.14 (a) and (b) show the top 

surface and cross-section morphology of HA-30TiO2 coated surface. The surface 

morphology of top-surface is competitive flat, smooth, and less defective. It has been 

found that the surface was comparatively denser than the HA coated surface and HA-

15TiO2 coated surface. The agglomeration of HA/TiO2 nano-particles can be clearly 

seen in the coating. The reinforcement of TiO2 in HA formed lamellar structure and 

rich layer of TiO2 acted as a reservoir to hold the protein in the host body and 

improved the osseointegration and corrosion resistance.  
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s 

Figure 5.13. Top surface and cross-section morphology of HA-15TiO2 coating 
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Figure 5.14. Top surface and cross-section morphology of HA-30TiO2 coating 
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Figure 5.15 shows the EDS spectrum and XRD pattern of HA-coated and HA-30TiO2 

coated surface. Figure 5.15 (a) shows the EDS spectrum of HA coating and it can be 

seen that high-intensity peak of ‘Ca’, ‘P’, and ‘O’, beside base elements, confirming 

the deposition of HA. On the other hand, the EDS spectrum of HA-Ty coating shows 

the high-intensity peaks of ‘Ti’, ‘Ca’, and ‘P’ confirmed the deposition of HA/TiO2, as 

can be seen in Figure 5.15(b). The ratio of ‘Ca’ and ‘P’ in the elemental composition 

was found 1.67 and the finding is in line with the previously published research [153]. 

From the EDS observations, it can be concluded that HA was disintegrated into non-

apatite and expected to form α/β TCP phases, CaO, TTCP along with TiO2 phases and 

during PSD. The elements formed various bio-ceramic based oxides and improved the 

corrosion resistance and bio-performance of the alloy [24, 25]. From the XRD pattern 

of un-coated β-TNTZ alloy and the pattern metastable β-type phases, such as ‘Nb’, 

‘Ta’, and ‘Zr’, can be seen in Figure 5.15(c). From the XRD pattern of HA coated 

samples, the amorphous phases, for instance, β-TCP, TTCP phases, Ca3(PO4)2, and 

CaO, can be observed between diffraction angles 30.5º and 31.7º, which were owing 

to the disintegration of HA as a consequence of thermal sequence and speedy cooling 

involved in PSD [155-156]. From the XRD pattern of HA-15TiO2, and HA-30TiO2 

coated samples, non-apatite and α/β TCP phases co-exist, along with TiO2. The bone 

ingrowth and osseointegration depend on the surface roughness, porosity, and 

chemical composition. HA-coating contains higher surface porosities (6.75%) as 

compared HA-15TiO2 (4.15%) and HA-30TiO2 (2.55%) coatings. This is because HA 

form amorphous structure in coating. The structural porosities decreased with the 

reinforcement of TiO2 in HA. This was attributed because TiO2 reinforcement is 

smaller is size than HA, and occupies the space/void in between HA-particles that 

prevented the formation of the porosities.  
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Figure 5.15 SEM morphology, EDS spectrum, and XRD pattern of (a) HA-

coated (b) HA-30TiO2 coatings (c) XRD pattern of un-coated, HA coated, and 

HA-30TiO2 coated β-TNTZ alloy 

The surface roughness also an important parameter that affects the corrosion 

resistance and bioactivity and it was reported that the size of the particles has affected 

the surface roughness [195-197]. Gross and Muller reported that the surface 

roughness of HA coating was measured 4.8, 7.4, and 9.5 μm for feedstock powder 

(a) (b) 

(c) 
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particles size of 20-40, 40-60, and 60-80 μm. A total of five readings were taken to 

find out the average surface roughness. The surface roughness of HA, HA-15TiO2, 

and HA-30TiO2 coatings were measured 7.65, 5.45, and 4.85 μm, respectively. The 

obtained surface roughness was in good agreement with the values reported in 

literature and also sufficient to promote bone-ingrowth around the implant. 

5.3.1.2. Mechanical properties analysis 

Figure 5.16 shows the mechanical properties of coatings in terms of hardness, elastic 

modulus, and adhesion strength. The mechanical properties of coating depend upon 

its microstructure and purity of coating.  

 

Figure 5.16. Mechanical properties: hardness and adhesion strength of HA, HA-

15TiO2, and HA-30TiO2 coatings 
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The hardness increased with the increase in the reinforcement of TiO2 in HA. The 

hardness of HA, HA-15TiO2, and HA-30TiO2 coatings was measured 0.65, 1.05, and 

1.35 GPa, respectively. The HA transformed during the coating and deposited coating 

contains cracks, micro-size voids, the porous and amorphous structure which leads to 

decrease in mechanical properties. With the alloying of TiO2 in HA, the brittleness 

reduced and the deposited coating possessed dense and lamellar nanostructure which 

leads to increase the mechanical properties. The elastic modulus was dependent on the 

hardness of the coating. With the addition of TiO2, brittleness reduced and ductility 

improved as a result of strength of coating improved and results in the increase in 

elastic modulus.  



115 
 

 

Figure 5.17. Optical macrograph of tensile bond strength specimens (a) HA 

coating (b) HA-TiO2 coatings, and (c) mechanism of failure of coating 

The adhesion strength of coating depends upon the interface of coating and substrate 

and type of bonding. The adhesion strength of HA, HA-15TiO2, and HA-30TiO2 

coating were measured 20.07, 24.75, and 28.55 MPa, respectively. Figure 5.17 (a-b) 

shows the fractured morphology of coatings after adhesion tensile test. From the 

micrograph, it can be seen that the HA coating was delaminated or remove from the 

surface along with glue. This is because the HA coating was poorly mechanically-
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bonded with the substrate and exhibit cracks in the interface which was removed from 

the substrate; thus results in low adhesion strength, refer Figure 5.17(a). On the other 

hand, with the alloying of TiO2, mechanically-bonding of the coating increased with 

the substrate, which increases in adhesion strength of coating, refer Figure 5.17(b). 

Similar results were observed in the previous research work [198-200]. Figure 5.17(c) 

presented the mechanism of delamination/de-bonding or removal of coating from the 

substrate. 

 

5.3.1.3. In-vitro corrosion behavior  

Figure 5.18 shows the Tafel extrapolation plot of un-coated, HA, HA-15TiO2, and 

HA-30TiO2 coated β-TNTZ alloy samples. The obtained electrochemical corrosion 

parameters are shown in Table 5.9. From the Tafel extrapolation curve, it can be seen 

that all surfaces exhibit similar corrosion mechanism 'anodic’ slope is far higher than 

the ‘cathodic’ slope which indicates strong passivity. The Icorr and Ecorr of un-coated 

samples were measured 6.5 µA/cm2 and - 290 mV, respectively. The Tafel 

extrapolation curve of HA coating shifted toward the left side that holds low current 

density as compared to uncoated samples. The Icorr and Ecorr values of HA-coated 

samples were measured as 7.35 µA/cm2 and - 330 mV, respectively. The HA-coated 

samples have better corrosion resistance as compared to uncoated samples. When 

TiO2 was alloyed, the Tafel extrapolation curve again more shifted toward the left side 

that indicates samples hold low current density as compared to HA and uncoated 

samples. The Icorr and Ecorr values of HA-15TiO2 coating were measured as 8.15 

µA/cm2 and -370mV, respectively. Similarly, for HA-30TiO2 coating, the values were 

9.17 µA/cm2 and -420 mV, respectively. The material holds low current density and 

high potential that possessed high corrosion resistance [201]. It can be outlined that 

HA/TiO2 coatings exhibit higher corrosion resistance as compared to HA-coatings and 

un-coated samples. The un-coated samples have an inert TiO2 layer that had low 

adhesion strength and braked in the corrosive medium and allows current to flow in 

the medium. The HA-coating contains the porosities, cracks, and brittle amorphous 

structure, which degraded easily in the SBF medium. These cracks form the active 

sites for this dissolution which resulted in pitting corrosion. Morks also observed 

similar results [202]. On the other hand, HA/TiO2 coatings contain the defect-free 
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dense lamellar structure of TiO2 in nano-form, which acted as a barrier to corrosive 

medium and acted as an anti-corrosive layer. Moreover, the HA/TiO2 coatings 

comprised bioceramic oxides also improved the corrosion resistance.  

 

Figure 5.18. Tafel extrapolation plot of un-coated, HA-coated, HA-15TiO2 and 

HA-30TiO2 coated β-TNTZ alloy samples in SBF 

 

Figure 5.19 shows the SEM micrograph and EDS analysis of un-coated, HA, HA-

15TiO2 and HA-30TiO2 coated samples before and after the corrosion test. Apatite 

growth can be seen on the surface of samples and can be detected by bright white 

color dots and agglomerations. The sample before the corrosion test showed plane 

surface and base elements, refer to Figure 5.19(a). On the other hand, after the 

corrosion test, sub-micron scale pits can be observed which are formed due to the 
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failure of the inert layer in corrosive medium, refer Figure 5.19(b). Moreover, the 

development of the apatite layer was also observed in the sample in the form of a 

white pattern. The EDS analysis showed the presence of ‘Ca’, ‘P’, and ‘O’ elements 

along with base elements and confirmed the growth of apatite. The ratio of ‘Ca’ and 

‘P’ was 1.67.  

Figure 5.20 shows the HA-coating morphology before and after corrosion test. Before 

the corrosion test, HA-coatings comprised micro-cracks, porosities, and amorphous 

structures, refer Figure 5.20(a). After corrosion, the development of micro-scale pits 

was observed; refer Figure 5.20 (b). This is attributed owing to the dissolution and 

premature failure of porous amorphous HA-layer and pitting corrosion takes place 

that leads to the formation of pits. The HA promotes the formation of apatite-like 

structure and EDS analysis confirmed the growth of apatite-like structure on the 

coating, as the ‘Ca’ and ‘P’ percentage increased on the coating.  

Figure 5.21 and 5.22 shows the HA-15TiO2 and HA-30TiO2 coating morphology 

before and after corrosion test. Before the corrosion test, the HA-15TiO2 and HA-

30TiO2 coating have a better microstructure and comparatively denser as compared to 

the HA-coating surface, refer Figure 5.21(a) and 5.22(a), respectively. On the other 

hand, the morphology of HA-15TiO2 and HA-30TiO2 coated samples after the 

corrosion test showed that the surface was comparatively very less corroded as 

compared to HA-coatings. Moreover, the thick growth of apatite was also observed 

and spread over the whole surface; refer Figure 5.21(b) and 5.22(b), respectively. 

EDS analysis confirmed the significant increase in the wt.% percentage of ‘Ca’ and 

‘P’ on both coating’s surface. This because the HA-15TiO2 and HA-30TiO2 coated 

substrates is a denser and free-formed amorphous and porous structure. The formation 

of the TiO2 lamellar structure in the HA matrix acted as a barrier to corrosion and 

improve the corrosion resistance. The above findings indicate that HA-30TiO2 coating 

increased the corrosion resistance in a simulated environment and promoted chemical 

integration with the bone–tissues.  
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Figure 5.19. Morphology and EDS analysis of un-coated surface (a) before 

and (b) after corrosion test 
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Figure 5.20. Morphology and EDS analysis of HA-coated surface (a) before 

and (b) after corrosion test 
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Figure 5.21. Morphology and EDS analysis of HA-15TiO2 coated surface (a) 

before and (b) after corrosion test 
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Figure 5.22. Morphology and EDS analysis of HA-30TiO2 coated surface (a) 

before and (b) after corrosion test 
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5.3.1.4. In-vitro bioactivity behavior 

Figure 5.23, 5.24, 5.25, and 5.26 shows the cell viability and activity such as cell 

count, optical density of MTT assay, DNA content, ALP-like differentiation activity 

on un-coated, HA, HA-15TiO2 and HA-30TiO2 coatings on 1st day, 3rd day, and 7th 

day. Analysis of variance (ANOVA) has been carried out to test the significance of 

obtained data and it has been found that all data is statically significant (p < 0.001) at 

a 95% confidence interval. The cell growth and proliferation depend upon the surface 

energy, which further depends on surface chemistry. Figure 5.23 shows the cell 

growth number on the on un-coated, HA, HA-15TiO2, and HA-30TiO2 coated 

samples.  

 

Figure 5.23. Cell viability and activity: Cell count activity on un-coated, HA-

coated, HA-15TiO2 and (g-h) HA-30TiO2 β-TNTZ alloy samples 

The cell growth was more on the coated samples and a higher number of cell 

growth was found on the HA/TiO2 coated surfaces. This is attributed because HA 
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facilitates the development of apatite, and apatite promotes other biological activities 

such as cytoplasmic extensions, filopodia charges, and extracellular matrix (ECM) 

retraction and makes chemical integration with coating surface. Moreover, the 

presence of the TiO2 lamellar structure in the matrix, acted as a reservoir to absorb 

protein that escalated the osseointegration process. Figure 5.24 shows the cell 

proliferation in terms of optical density obtained after MTT assay for un-coated, HA, 

HA-15TiO2, and HA-30TiO2 coated samples.  

 

Figure 5.24. Cell viability and activity: MTT assay activity on un-coated, HA, 

HA-15TiO2, and HA-30TiO2 coated β-TNTZ alloy samples 

 

MTT assay suggested that no cytotoxic effect has been observed on Mg-63 cells of 

the different coating compositions. The optical density was found on the coated 

samples and higher optical density was found on the HA/TiO2 coated surfaces. Cell 
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proliferation increased with the growth of cells. The DNA content growth dependent 

on the protein absorption. From Figure 5.25 it can be seen that HA/TiO2 coating 

samples had higher DNA content. The TiO2-reinforced HA absorbs more protein as 

compared to the untreated and HA-treated surface. Figure 5.26 shows the ALP-like 

differentiation activities of MG-63 cells on the un-coated, HA, HA-15TIO2, and HA-

30TIO2 coated samples. Greater ALP-like differentiation-activities were observed on 

the HA-30TIO2 coated samples because of the high serum level.  

 

Figure 5.25. Cell viability and activity: DNA activity on un-coated, HA, HA-Tx 

and HA-Ty -coated β-TNTZ alloy samples 
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Figure 5.26. Cell viability and activity: ALP activity on un-coated, HA, HA-

15TiO2, and HA-30TiO2 coated β-TNTZ alloy samples 

 

Figure 5.27, 5.28, 5.29, and 5.30 shows the attached cell morphology on un-coated, 

HA, HA-15TiO2, and HA-30TiO2 coated samples after 3rd day, respectively. Various 

biological activities like cytoplasmic extensions, redirection of extracellular matrix 

(ECM), and filopodia/lamellipodia augmentation were observed in all specimens 

surface that confirmed that cells were attached and grown on samples. Figure 5.27 (a-

c) shows the optical image, florescent, and FE-SEM image of cells attached on un-

coated samples and it can be seen that un-coated surface exhibit less degree of 

attached cells. This is because the surface of un-treated alloy is non-active and 

promotes less growth and proliferation of Mg-63 cells. 
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Figure 5.27. Cell adhesion & Florescent image after 3rd day of culturing on un-

coated surface (a) Optical image (b) Fluorescent image, and (c) FE-SEM image 

 

Figure 5.28 (a-c) shows the optical image, florescent, and FE-SEM image of cells 

attached on HA-coated samples and it can be seen that HA-coated surface exhibit 

high degree of attached cells as compared to un-treated cell. The formation of large 

nuclei can be seen. This is because HA is a bone mineral element which promotes 

bone in-growth, as a result HA-coated surface comprised more cell attachment and 

growth compared to un-treated surface. 
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Figure 5.28. Cell adhesion & Florescent image after 3rd day of culturing on un-

coated surface (a) Optical image (b) Fluorescent image, and (c) FE-SEM image 

 

Figure 5.29 (a-c) shows the optical image, florescent, and FE-SEM image of cells 

attached on HA-15%TiO2 coated samples and it can be seen that HA-15%TiO2 coated 

surface exhibit high degree of attached cells as compared to un-treated and HA-coated 

surface. The formation of large nuclei can be seen. The HA-15%TiO2 coated samples 

exhibited a high degree of attached and spread cells. The formation of large nuclei can 

be seen. The Mg-63 cells were completely attached, proliferated on the whole surface 

of the HA-15%TiO2 coated substrate, and made maximum contact with coatings. The 
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green florescent represents the live, viable, and healthy cells on the coatings. This is 

because TiO2 in HA-matrix acted as reservoir for protein absorption and promotes cell 

growth.  

 

 

Figure 5.29. Cell adhesion & Florescent image after 3rd day of culturing on HA-

15TiO2 coated surface (a) Optical image (b) Fluorescent image, and (c) FE-SEM 

image  

 

Figure 5.30 (a-c) shows the optical image, florescent, and FE-SEM image of cells 

attached on HA-30%TiO2 coated samples and it can be seen that HA-30%TiO2 coated 
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surface exhibit highest degree of attached cells as compared to un-treated, HA-coated, 

and HA-15%TiO2 surface.  

 

Figure 5.30. Cell adhesion & Florescent image after 3rd day of culturing on HA-

30TiO2 coated surface (a) Optical image (b) Fluorescent image, and (c) FE-SEM 

image  

 

Furthermore, green florescent represents the live, viable, and healthy cells on the 

coatings. The SEM-micrograph of attached cell morphology on the surface of the 

sample on 3rd day and excellent cell growth and proliferation can be confirmed. The 

higher proliferation and spreading of Mg-63 cells over a wider surface area on the 
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HA-30%TiO2 coated substrate was seen as compared to HA and uncoated surfaces. 

From the observation, it can be seen that both HA-15%TiO2 and HA-30%TiO2 

coatings possessed a higher cellular proliferation rate as compared to HA-coated and 

un-coated specimens. The findings thus indicate that the surface chemistry of the 

HA/TiO2 coating helped to increase the bone ingrowth and osseointegration process. 

Similarly, Zheng et al. reported that HA/TiO2 coating possessed good bioactivity and 

promotes cell growth [203]. 

5.3.2. Study-II 

Surface morphology of HA and HA-TiO2 coatings obtained at process parameters 

as presented in Table 5.12 has been analyzed. Where the effect of feed stock 

concentration, gas flow rate, and powder feed stock has been considered. In this case 

coating thickness was controlled to 100-125 μm thick. 

Table 5.12. Plasma Spray Parameters 

Spraying Parameters Value 

Primary Gas Flow (Argon) 35 NLPM 

Secondary Gas Flow (Hydrogen) 2.0 NLPM 

Voltage 65 volt 

Current 500Amp 

Feed rate 40 gm/min 

Spray Distance 120 mm 

 

5.3.2.1. Surface morphology of coating 

Figure 5.31 shows the coating morphologies of HA, HA-30%TiO2 coated surface at 

different views (top and cross-sectional). The typical micro-structural features 

associated with plasma sprayed coatings, for instance, spherical particles, partially 

melted particles, micro-cracks, and agglomerates can be seen in the deposited 

coatings. From the SEM micrographs, both coated specimens showed heterogeneous 

surface fusions of partially and fully melted particles consists of high ridges of 

deposited molten metal (shown by the yellow arrow), splattered fully melted molten 

pool (shown by white arrow), globules (shown by the red arrow), and surface 

porosities (shown by yellow circles) [154]. Further, the globular distribution of the 
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particles is mainly due to the deposition of micron and sub-micron scaled un-melted 

particles. The HA-coated surface shows numerous craters, the high degree of globules 

of unmelted particles, and interconnected surface porosities, as can be seen in Figure 

5.31. Further, the amalgamation of fully melted amorphous HA with solid precipitates 

and pure liquid precipitations is possible because of the reaction that takes place in the 

plasma jet [162]. The build-up of characteristic fragmented structures has also been 

seen owing to the internal rupture of liquid precipitates afterward the solid shell 

formation. The repetition of this process has produced fine globular particles [204]. 

Submicron scale surface porosities were observed on the coated surface as can be 

seen on point A in Figure 5.31(a). The formation of surface porosities is because of 

the high temperature that helped in the disintegration of the HA into Ca 3(PO4)2, and 

CaO phases and during deposition, and these phases formed porous structure and 

amorphous hump. At higher magnification (×5000), a clear picture of submicron–

scale porosities with pore ranging 0.3-0.850 μm can be seen, presented by yellow 

circles in Figure 5.31(b). Similarly, HA-30TiO2 coated surface has been found of less 

defective when compared to the HA-coated surface, see Figure 5.32(a). The 

reinforcement of TiO2 was seen and presented by the yellow arrow in Figure 5.32(b). 

It has been found that the surface was comparatively denser than the HA-coated 

surface. The agglomeration of HA-TiO2 nano-particles was also more and the 

reinforcement of TiO2 in HA has prevented the formation of larger pores.  
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Figure 5.31. SEM morphology and EDS spectrum of HA-coated Ti-Nb-Ta-Zr 

alloy surface [(a-b) ×500 and (c-d) ×5000] 
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Figure 5.32 SEM morphology and EDS spectrum of HA-30TiO2 coated Ti-Nb-

Ta-Zr alloy surface [(a-b) ×500 and (c-d) ×5000] 
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From the higher magnification (×5000) micrograph, nano-scale surface porosities 

were generated in HA-TiO2 coating but with less intensity. The as visible pores, in 

this case, are limited to a range of 200-600 nm. The agglomeration of HA-TiO2 and 

generation of un-melted nano-particles has been attributed to the difference in the 

melting point of HA (1500 ºC) and TiO2 (1800 ºC). A similar observation was 

reported by researchers [154].  

Figure 5.33 shows the EDS spectrum and elemental analysis of HA and HA- TiO2 

coatings. The associated EDS spectrum of HA coating shows the high-intensity peaks 

of calcium (Ca), phosphorous (P), and oxygen (O) beside base elements (Ti, Nb, Ta, 

Zr), that confirms the deposition of HA, refer Fig. 5.33. The ratio of Ca and P in the 

elemental composition was found 1.67 and the finding is in line with the previously 

published research [163]. The elements formed various bio-ceramic based oxides and 

improved the corrosion resistance and biomechanical performance of the alloy [204-

205]. The associated EDS spectrum of HA-TiO2 coating showed the high-intensity 

peaks of Ti, Ca, P, and O elements to confirm the presence of TiO2 and HA, refer Fig. 

5.34. Similarly in this, the ratio of Ca and P was found 1.67, which confirmed that HA 

was disintegrated into non-apatite and α/β TCP, CaO, TTCP along with TiO2 phases. 

This resulting bio-ceramic coating has increased the surface energy and this high 

surface energy enhanced bioactivity which will helpful in bone-ingrowth, 

osseointegration, and improved implant stability [206-207].  

Figure 5.35 shows the XRD pattern of un-treated, HA-coated, and HA-TiO2 coated β-

phase Ti-Nb-Ta-Zr alloy specimens. From the XRD pattern of un-treated β-phase Ti-

Nb-Ta-Zr alloy, pattern metastable β-type phase Nb, Ta, and Zr can be seen. From the 

XRD pattern of as-sprayed HA-coated samples, bioceramic phases, for instance, α/β 

TCP phases, Ca3(PO4)2, CaO can be observed between diffraction angles 30.5º and 

31.7º, which were owing to the disintegration of HA as a consequence of thermal 

sequence and speedy cooling involved in plasma spray process [208-211].  
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Figure 5.33. Morphology and EDS elemental analysis of HA coatings 

50 μm 
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Figure 5.34. Morphology and EDS elemental analysis of HA-30TiO2 coatings 

From the XRD pattern of as-sprayed HA-TiO2 coated samples, bioceramic phases, for 

instance, non-apatite and α/β TCP phases, Ca3(PO4)2, CaO, TTCP along with TiO2 

can be observed, which were resulted by the disintegration and reaction of HA and 

TiO2. It has been observed that the XRD peaks of pure HA are not sharper and this is 
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attributed to the conversion of crystalline content of HA into the amorphous phase 

during the plasma spray process. 

 

Figure 5.35. XRD pattern of un-coated, HA-coated, and HA-TiO2 coated β-phase 

Ti (Ti-Nb-Ta-Zr) alloy 

Figure 5.36 and 5.37 shows the cross-section morphology of HA and HA-TiO2 coated 

β-phase Ti alloy, respectively. Coating thickness and the resulting interface can also 

be seen. From the micrographs, it can be seen that the coating thickness ranged 

between 100–125 μm. The specific thickness of the coating, in the case of HA and 

HA-TiO2, has been found as 125 μm and 120 μm, respectively.  Further, the interface 

between coating and substrate has been identified as a strong mechanical bonding and 

interlocking to offer high adhesion strength that enhances implant stability. It is 

evident from Figure 5.36(a) that the as-sprayed HA coating surface comprised of 

unevenly distributed micro-cracks and micro-holes of different sizes. This may be due 

to the disintegration of HA into Ca, P, and O phases, which has generated a porous 

structure in the coating. Figure 5.36(b) shows the EDS mapping of the HA-coated 

layer. 
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Figure 5.36. Cross-section micrograph of HA-coated Ti-Nb-Ta-Zr alloy surface 
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Further, from the elemental mapping of HA-coated implant, it can be seen that only 

elements such as Ca, P, and O has been identified, no other elements were observed. 

The observation was confirmed and conferred that only pure HA was successfully 

deposited without any contamination.  
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Figure 5.37. Cross-section micrograph of HA-TiO2 coated Ti-Nb-Ta-Zr alloy 

surface 
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Similarly, Figure 5.37(a) shows the cross-section of the HA-TiO2 coated specimen’s 

surface. Conversely, the microstructure and morphology of the HA-TiO2 coated 

sample are quite different as compared to as-coated specimens of HA samples. 

Negligible micro-cracks, porosities, un-melted particles, and fewer amounts of micro-

holes were witnessed in the HA-TiO2 coated sample. The TiO2 formed lamellar 

structure in the HA matrix, acted as a reservoir to hold the protein in the host body, 

and improved the osseointegration and corrosion resistance [157]. Figure 5.37(b) 

shows the EDS mapping of the HA-TiO2 coated layer and it can be seen that the 

coated elements (Ti, Ca, P, and O) were evenly dispersed in the layer, without any 

type of impurities. The observation was confirmed and conferred that only pure HA-

TiO2 was successfully deposited without any contamination.  

Further, the interface between coating and substrate has been identified as a strong 

mechanical bonding and interlocking to offer high adhesion strength that enhances 

implant stability. It is evident from Figure 5.36(a) that the as-sprayed HA coating 

surface comprised of unevenly distributed micro-cracks and micro-holes of different 

sizes. This may be due to the disintegration of HA into Ca, P, and O phases, which 

has generated a porous structure in the coating. Figure 5.36(b) shows the EDS 

mapping of the HA-coated layer. Further, from the elemental mapping of HA-coated 

implant, it can be seen that only elements such as Ca, P, and O has been identified, no 

other elements were observed. The observation was confirmed and conferred that only 

pure HA was successfully deposited without any contamination. Similarly, Figure 

5.37(a) shows the cross-section of the HA-TiO2 coated specimen’s surface. 

Conversely, the microstructure and morphology of the HA-TiO2 coated sample are 

quite different as compared to as-coated specimens of HA samples. Negligible micro-

cracks, porosities, un-melted particles, and fewer amounts of micro-holes were 

witnessed in the HA-TiO2 coated sample. The TiO2 formed lamellar structure in the 

HA matrix, acted as a reservoir to hold the protein in the host body, and improved the 

osseointegration and corrosion resistance [157]. Figure 5.37(b) shows the EDS 

mapping of the HA-TiO2 coated layer and it can be seen that the coated elements (Ti, 

Ca, P, and O) were evenly dispersed in the layer, without any type of impurities. The 
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observation was confirmed and conferred that only pure HA-TiO2 was successfully 

deposited without any contamination.  

The bone-ingrowth and osseointegration were also dependent on the surface 

roughness, porosity, and crystallinity. High surface energy enhanced bone in-growth 

and osseointegration. Crystallinity (%), porosity (%), and surface roughness of HA 

and HA-TiO2 coating are shown in Table 5.13. The XRD data of HA and HA-TiO2 

coating between 20º to 60º angle range was used to estimate the crystalline content. 

The observed results revealed that the HA-TiO2 coating exhibited more crystalline 

content (89.6%) as compared to HA coatings (74.8%). The disintegration of HA at 

high temperature has been confirmed after observing a small hump α-TCP, β-TCP, 

and TTCP phases on the XRD pattern between 30º and 32º. On the other hand, the 

amorphous hump was not identified, however, a small amount of CaO has been 

observed at 37.7º [208-211].  

Table 5.13 Crystallinity (%), porosity (%) and surface roughness of as-sprayed 

coatings 

 Grit Blasted Ti-Nb-Ta-

Zr Substrate 

HA 

coating 

HA- TiO2 

Coating 

Crystallinity (%) - 74.8 89.6 

Porosity (%) - 3.28 1.27 

Surface Roughness (Ra) 4.04 μm 4.65 μm 3.5 μm 

 

The porosity in the as-coated HA and HA-TiO2 coatings was found as 3.28 and 

1.27%, respectively. This is mainly due to the presence of TiO2 reinforcement in HA, 

which formatted porous structure and helped in the formation of biomimetic phases 

on the coating. The average of five readings was recorded for surface roughness. It 

has been reported that the size of the particles can affect the surface roughness. Gross 

and Muller reported that the surface roughness of HA coating was measured 4.8, 7.4, 

and 9.5 μm for feedstock powder particles size of 20-40, 40-60, and 60-80 μm [209]. 
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Figure 5.38 shows the 3D surface plot of surface roughness. The surface roughness 

for the as-coated HA and HA-TiO2 coatings was found to be 4.65 μm and 3.5 μm, 

respectively. The skewness and kurtosis are the important parameters of surface 

roughness that affect the corrosion and wear performance of biomedical implants. The 

skewness in the surface roughness of both surfaces was negative. The HA-coated 

surface has very deep valleys in the layer as a result roughness is a high Kurtosis of 

more than 9.5, this may affect the corrosion and wear performance. On the other hand, 

HA-TiO2 coated surfaces have valleys in the layer but less deep as compared to HA-

coatings. The kurtosis in the case of the HA-TiO2 coated surface is less near 4.5, 

which results in better surface finish as compared to HA-coatings. Thus, the surface is 

better for tribological performance and wear-resistant. The obtained surface roughness 

was the lowest of the available knowledge of the scientific literature and also 

sufficient to promote bone-ingrowth around the implant [211]. 
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Figure 5.38. 3D surface plot of surface roughness of HA and HA-TiO2 coatings 
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5.3.2.2. Biomechanical properties  

Figure 5.39 and 5.40 shows the mechanical properties such as surface hardness and 

adhesion strength of HA and HA-TiO2 coatings. Figure 5.39(a) showed the nano-

indentation plot of HA and HA-TiO2 coatings. The surface hardness and elastic 

modulus of the coatings measured observed by the nano-indentation technique.  The 

mechanical properties of coating depend upon the microstructure and purity of 

coating. The hardness increased with the increase in the alloying of TiO2 in HA. The 

hardness of as-sprayed HA and HA-30wt.% coatings were measured 1.65 GPa and 

2.95 GPa, respectively. The HA transformed into Ca/P based amorphous structure 

during the deposition that results in coating contains cracks, micro-size voids, and 

porosities which leads to decrease in the mechanical properties. With the alloying of 

TiO2 in HA, the brittleness reduced and the deposited coating possessed dense and 

lamellar nanostructure which leads to increase in the mechanical properties. The 

elastic modulus was dependent on the hardness of the coating. With the addition of 

TiO2 in HA, brittleness reduced and ductility improved, as a result, the strength of 

coating improved and results in the increase in the elastic modulus [153-154]. The 

elastic modulus of as-sprayed HA and HA-30wt.% coatings were measured 15.7 GPa, 

and 41.75 GPa, respectively. The adhesion strength of the coating is increased with 

the addition of TiO2 in HA, refer Figure 5.39(b). The reinforcement of TiO2 in HA 

prevents the formation of pinholes at the interface. The adhesion strength of HA and 

HA-TiO2 coating was measured around 25.79 MPa and 32.95 MPa, respectively. 

Figure 5.40 shows the optical micrograph of tensile bond strength and failure 

mechanism of coatings. Figure 5.40 (a-b) shows the optical micrograph of tensile 

bond strength specimens of HA and HA-TiO2 coatings. From the micro-graph, it can 

be seen that the HA coating was delaminated or remove from the surface along with 

glue as compared with HA-TiO2. This is because the HA coating was poorly 

mechanically-bonded with the substrate and exhibit cracks in the interface which was 

removed from the substrate; thus results in low adhesion strength. The HA-TiO2 

coating possessed higher adhesion strength as compared to HA-coatings because of 

two reasons (i) reinforcement of TiO2 particles and (ii) phase purity and content. The 

nano-sized powder particles in feedstock suspension significantly reduced the tensile 
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strength in the deposited coating and, therefore, increased the adhesion strength [208]. 

The microstructure, phase content, and purity also affect the adhesion strength. The 

HA-coating has a porous microstructure with unevenly distributed micro-cracks. 

Moreover, during deposition HA transformed into Ca and P contents, and the 

crystallinity of HA was decreased and this results in low adhesion strength. On the 

other hand, owing to the presence of TiO2, a laminar structure was obtained that 

reduced the formation of micro-cracks and porosities. Figure 5.40(c) presented the 

mechanism of delamination/de-bonding or removal of coating from the substrate. 
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Figure 5.39. (a) nano-indentation plot and (b) Surface-hardness, elastic 

modulus, and adhesion strength of HA and HA-TiO2 coatings 
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Figure 5.40. (a-b) Optical micrograph of tensile bond strength specimens of HA 

coating and HA-TiO2 coatings and (c) Mechanism of delamination of coatings 

5.3.2.3. Wettability Analysis 

The wettability of implant surfaces have been determined for verifying the 

bioactivity and wettability depends upon the hydrophilic/hydrophobic nature of the 

surface of implants, which affects the performance of implants. The bioactivity of HA 

and HA-TiO2 coating was accessed through the wettability test. For this, the effect of 

the different coating composition on the water contact angle was investigated. Figure 

5.41 shows the water contact angle for un-coated, HA-coated, and HA-TiO2 coated 
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samples after 1 and 3 min of interval. For 1 min of the interval, the contact angle in 

case of un-coated, HA-coated, and HA-TiO2 coated samples were measured as 115.5º, 

58.5º, and 41.25º, respectively.  

 

Figure 5.41. Contact angle measurement. Measurement of the degree of contact 

angle with water drop on Un-coated, HA-coated, and HA-TiO2 coated surface 

samples after 1 and 3 min of interval 
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which further improves the biological activities in the coating [53]. Both HA and TiO2 

absorbed the water droplets and improved the wettability of coating; thus improved 

the bioactivity of the coating. It was noticed that the contact angle was decreased with 

an increase in contact time in all samples. The water contact angle after 3 minutes on 

un-coated, HA-coated, and HA-TiO2 coated samples was measured 97.8º, 49.5º, and 

32.5º, respectively. From the observation, it has been found that HA-TiO2 has the 

lowest water contact angle, which revealed that the coating has the highest wettability 

and excellent bioactivity. 

5.3.2.4. Wear resistance 

Figure 5.42 shows the wear resistance and behavior of HA and HA-TiO2 coatings. 

The wear rate of coating decreased with the reinforcement of TiO2 in the HA matrix. 

This is because TiO2 improved microstructure and mechanical properties. The 

adhesion and cohesion strength of the layer in the case of HA-TiO2 coating is high as 

compared to HA-coating, which prevents the delamination of coated- material [45]. 

Wear rate decreased from 0.6 mg/N.m to 0.38 mg/N.m with the addition of 

30wt%TiO2 in the HA matrix. For orthopedic applications, the wear-resistant coating 

is required to maintain the functionality of the artificial organ. The HA-TiO2 coating 

possessed less wear resistance as compared to HA-coating because of high hardness 

than HA-coating. The coefficient of friction in the case of HA-TiO2 is less because 

TiO2 implies the ductility in the coating and prevents the abrasion of the layer. Figure 

5.42 (b) and (c) shows the worn surface morphology of HA and HA-TiO2 coatings. 

From the SEM-micrograph the failure of the surface due to the delamination of 

coatings can be seen. The red arrow shows the delamination; the white arrow shows 

the debris, and the yellow arrow shows the ploughing/grooving.  
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Figure 5.42. (a) Wear rate and coefficient of friction and (b-c) worn morphology 

of HA and HA-TiO2 coatings 

From the SEM-micrograph, it can be seen that the HA-coated surface was high 

worn out. Loose debris and delamination of HA particles can be seen, refer Fig. 

5.42(b). This is attributed because, HA-coating had brittle, amorphous, porous 

structure, and low hardness. As a result, coating delaminated from the top surface and 

worn out. The main wear is attributed due to the abrasion of the coating layer; refer 

Fig. 5.42(c). On the other hand, the delamination of HA-TiO2 coating can be seen, but 

very less as compared to HA-coating. The TiO2 prevents the delamination of HA 
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particles from the coating. Moreover, with the reinforcement of TiO2, the brittleness 

of the coating is reduced, as a result, less friction developed. Moreover, TiO2 is a 

ceramic element that helped in reducing the friction of the coating layer and as a 

result, less wear occurred. At optimized setting, a biomimetic layer of HA-TiO2 was 

deposited on the β-TNTZ alloy, which can be further used as HiP-stem for the Indian 

population, refer Figure 5.43. 

 

Figure 5.43. HA-TiO2 Coated β-Ti alloy Hip Stem for Indian Popolation 
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5.3.2.5. Fatigue Performance 

The fatigue performance of HA and HA-TiO2 coatings was measured in terms of 

stress versus number of cycle. The S-N curve has been presented in Fig. 5.44.  The 

fatigue performance of HA and HA-TiO2 coatings were compared with the bench 

mark sample (polished) with nano-scale surface roughness. 

 

Fig. 5.44. High cycle fatigue S-N Curve for un-coated, HA-coated, and HA-TiO2 

coated 

From the figure it can be seen that un-coated specimens has high fatigue endurance as 

compared to HA-coated, and HA-TiO2 coated specimens. This is because; the un-

coated specimens are high polished and free from surface defects. As results, it 

showed high fatigue endurance strength. On the other hand, HA-coating has lower 

fatigue strength as compared to un-coated and HA-TiO2 coated specimens. This is 
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attributed because, HA-coating comprised various surface defects such as porosity 

and micro-cracks, which causes stress concentration and initiate the crack-

propagation; thus failed very soon at cyclic load condition. However, HA-TiO2 coated 

specimens exhibit higher fatigue performance in comparison with HA-coated and 

lower as compared to un-coated polished specimens. The reinforcement of TiO2 in 

HA-matrix improved the mechanical properties and reduced the brittleness of HA. As 

a result, crack free dense surface obtained in coating layer. The dense structure resists 

the coating against high cycle load condition and material offered better life.   
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CHAPTER-VI 

CONCLUSIONS AND SCOPE FOR FUTURE 

RESEARCH WORK 

In the present research work, the application of plasma spray technique has been 

explored for the deposition of bioactive HA-TiO2 coating on β-phase Ti-Nb-Ta-Zr 

alloy based HIP stem for orthopaedic application.  

6.1. Research Conclusions 

After inclusive analysis of presented work, the major conclusions can be drawn as 

below: 

1. A low elastic (55 GPa) β-phase type Ti-Nb-Ta-Zr alloy has been developed using 

vacuum arc melting process. 

2. To make the mechanical suitability for HIP implant, the β-phase type Ti-Nb-Ta-Zr 

alloy has been subjected to heat treatment. The tensile strength and micro-

hardness of the β-TNTZ sample after heat treatment have been increased from 590 

to 1195MPa and 245 to 515HV, respectively. The elastic modulus of the β-

TNTZth alloy is 89 GPa, which is lower than the Ti-4Al-4V alloy (110 GPa) and 

Co-Cr alloy (220 GPa).  

3. The β-phase type Ti-Nb-Ta-Zr alloy surface was modified by plasma spray 

technique to enhance its corrosion resistance, wear resistance, and bioactivity. 

4. Effect of plasma spray process parameters such as reinforcement of TiO2 in HA, 

gas flow rate, and powder feed rate on the coating out characteristics such as 

micro-hardness and adhesion strength has been studied. The optimized process 

parametric levels for obtaining maximum surface micro-hardness and adhesion 

strength are: powder ratio – 30% wt. of TiO2, gas flow rate – 40 l/min, and 

powder feed rate – 32 g/min. 

5. At, gas flow rate 40 l/min and feed rate 32 gm/min, the HA/TiO2 coating exhibited 

cracks free and dense surface in comparison with HA-coating. The reinforcement 
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of TiO2 improved the microstructure and mechanical bonding of coating with 

substrate. 

6. From the cross-section micrographs, it can be seen that the thickness of HA, HA-

15TiO2, and HA-30TiO2 coatings were measured approximately ~185-200 μm. 

The HA-30TiO2 (HA-Ty) coating exhibit high surface hardness (1.35 GPa) and 

adhesion strength (28.75MPa). 

7. The surface roughness of HA, HA-15TiO2, and HA-30TiO2 coatings were 

measured 7.65, 5.45, and 4.85 μm, respectively. The obtained surface roughness 

was in good agreement with the values reported in literature and also sufficient to 

promote bone-ingrowth around the implant. 

8. The reinforcement of TiO2 in HA formed lamellar structure and rich layer of TiO2 

acted as a reservoir to hold the protein in the host body and improved the 

osseointegration and corrosion resistance. 

9. The HA-coated samples have better corrosion resistance as compared to uncoated 

samples. When TiO2 was alloyed, the Tafel extrapolation curve again more shifted 

toward the left side that indicates samples hold low current density as compared to 

HA and uncoated samples. The Icorr and Ecorr values of HA-15TiO2 coating were 

measured as 8.15 µA/cm2 and -370mV, respectively. Similarly, for HA-30TiO2 

coating, the values were 9.17 µA/cm2 and -420 mV, respectively. The HA-30TiO2 

coating exhibit best and highest corrosion resistance.  

10. The HA-15%TiO2 and HA-30%TiO2 coatings possessed a higher cellular 

proliferation rate as compared to HA-coated and un-coated specimens. The 

findings thus indicate that the surface chemistry of the HA/TiO2 coating helped to 

increase the bone ingrowth and osseointegration process   

11. At gas flow rate 32 l/min and feed rate 40 gm/min. The reinforcement of TiO2 

improved the microstructure of coating by prevented the formation of micro-

cracks in the layer and improved the mechanical bonding of coating with the 

substrate.  The HA/TiO2 coating exhibited a dense surface in comparison with 

HA-coating.  

12. The coating thickness was measured for HA and HA-TiO2 coated surface was 125 

μm and 120 μm, respectively. Moreover, the reinforcement of TiO2 formed 

lamellar structure in the HA-matrix and formed various non-apatite phases like 
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α/β-TCP phases, Ca3(PO4)2, CaO, TTCP along with TiO2, which enhanced the 

mechanical properties and bioactivity of the coating. The adhesion strength of 

HA-TiO2 coating (32.95 MPa) was higher than the HA-coating (25.79 MPa). The 

hardness and elastic modulus of HA-TiO2 coating were measured around 2.95 

GPa and 41.5 MPa, which was beneficial to enhance the wear resistance 

properties. 

13. The HA-TiO2 coating exhibited more crystalline content (89.6%) as compared to 

HA coatings (74.8%). The surface roughness for the as-coated HA and HA-TiO2 

coatings was found to be 4.65 μm and 3.5 μm, respectively. The skewness and 

kurtosis are the important parameters of surface roughness that affect the 

corrosion and wear performance of biomedical implants. The skewness in the 

surface roughness of both surfaces was negative. The HA-coated surface has very 

deep valleys in the layer as a result roughness is a high Kurtosis of more than 9.5, 

this may affect the corrosion and wear performance. 

14. The hardness of as-sprayed HA and HA-30wt.% coatings were measured 1.65 

GPa and 2.95 GPa, respectively. The elastic modulus of as-sprayed HA and HA-

30wt.% coatings were measured 15.7 GPa, and 41.75 GPa, respectively. The 

adhesion strength of the coating is increased with the addition of TiO2 in HA. The 

adhesion strength of HA and HA-TiO2 coating was measured around 25.79 MPa 

and 32.95 MPa, respectively. 

15. The water contact angle after 3 minutes on un-coated, HA-coated, and HA-TiO2 

coated samples was measured 97.8º, 49.5 º, and 32.5º, respectively. It has been 

found that HA-TiO2 has the lowest water contact angle, which revealed that the 

coating has the highest wettability and excellent bioactivity. 

16. The delamination of HA-TiO2 coating can be seen, but very less as compared to 

HA-coating. The TiO2 prevents the delamination of HA particles from the coating. 

Moreover, with the reinforcement of TiO2, the brittleness of the coating is 

reduced, as a result, less friction developed. Moreover, TiO2 is a ceramic element 

that helped in reducing the friction of the coating layer and as a result, less wear 

occurred. At optimized setting, a biomimetic layer of HA-TiO2 was deposited on 

the β-TNTZ alloy, which can be further used as HIP-stem for the Indian 

population. 
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17. The HA-TiO2 coating exhibit better fatigue endurance as compared to HA-

coatings. 

6.2. Scope for Future Research Work 

Analysis of the results acquired from the current work advocates quite a few possible 

extensions to the research. A few of them are listed: 

1. Apart from the use of micro sized powder particle, there is ample scope for the use 

of nano-sized powder particles using suspension plasma spray technique.  

2. In this research, experimental investigation on the effects of TiO2 powder as 

reinforcement on the surface characteristics has been studied. However, there is a 

scope for the use of powder particles of other materials such as Al2O3, ZrO2, and 

other biocompatible materials. 

3. There is a scope on the finite element modeling and analysis to simulate the 

coating process for better understanding of phenomena and predict the thermal 

stresses. 

4. The coatings of HA and HA-TiO2 using PVD and other advanced coating 

techniques can be compared. 

5. The bioactivity and biocompatibility of plasma spray coated β-Ti alloy based 

implant have been investigated by In-Vitro study (Cell culture). The effect of bone 

ingrowth needs to be investigated in more detail by In-Vivo (animal study). 
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